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ABSTRACT 


Improved aluminide coatings for the NASA VIA nickel-base superalloy^ 
developed for high-temperature jet engine components, were investigated. 
Coatings involved modifications of a base system representative of three 
approaches to improve coating stability s 1) oxide particle embedment, 

2) chromium enrichment, and 3) aluminum enrichment. Both single-step 
and duplex coating processes were used. Coatings were tested at 2000® F 
(1366®K) in dynamic oxidation using both high- and low-velocity cycle burner 
rigs and ballistic impact. Coating systems identified exceeded 660 hours 
life at Mach 0,5 and 2000 hours at low velocity. Tensile and stress- rupture 
properties of NASA VIA were not affected by the coatings. 
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SECTION 1,0 


SUMMARY 


The objective of this program was to identify an improved aluminide 
coating or coatings for the NASA VIA nickel-base alloy with a 2000®F (1366°K) 
800“ hour life in a Mach 0.5 burner rig. Improvement in the oxidation life 
of aluminide coatings had been achieved with in-house-developed coatings by 
embedding AJ 22 Q 3 and TiO^ particles (CODEP C-2), This basic approach was 
extended to coating modifications involving (1) other inert oxide particles ^ 

(2) higher chromium levels, and (3) higher aluminum levels. Fifteen coating 
modifications together with a baseline and reference coating were screened 
in low-velocity cyclic burner rigs at 2000°F (1366*^K) with selected coatings 
tested in a Mach 0.5 burner rig. The coatings were applied to paddle-wheel- 
shaped specimens, a number of which had EDM-drilled holes to simulate cooling 
holes in turbine hardware. 

In the first of two scheduled 800-hour Mach 0,5 tests, four inert oxide 
particle systems, a chromium-enriched AJ^gOh/TiOs particle system, and an 
aluminum-enriched Af^O^ particle system were evaluated along with a baseline 
and a reference coating (CODEP C- 2/NASA VIA and CODEP C-2/IN100, respectively). 
Of these, only the chromium and aluminum-enriched systems, NC4-Cr and NCll-A, 
met the weight loss criterion of ^ 3 mg/cir? to qualify for the second test. 
Initial testing in the Mach 0,5 burner rig was complicated by localized over- 
temperaturing of the specimens causing premature failures. Corrective action 
was only partially successful in the second test which was terminated after 
662 hours for the same cause. However, the coafings were intact in areas 
where the 2000°F (1366°K) test temperature was monitored, A parallel test 
in a low-velocity burner rig completed 1568 hours at 2000®F (1366°K) before 
the failure criterion was exceeded. Based on metallographic examination of 
coating attack, the high-velocity test was Judged to be 1^ - 2 times as 
severe as the low-velocity test. Coating attack was observed to be less 
severe in areas of heavy Ai^Qs particle concentration. X-ray diffraction 
indicated conversion of the original predominant NiA^ phase to Ni^Air, NiAig 04 , 
and AisQ3 « 

Processing parameter studies, to increase coating thickness and volume 
fraction of embedded particles, followed. Screening of fifteen processing 
variations in accelerated low-velocity burner rig testing resulted in the 
selection of the aluminum-enriched AigQs embedded coating, either single- 
cycle NCll-A-Sl, or double-cycle NCll-A-Dl as the best. These coatings 
successfully completed 2000 hours of testing at 2000‘^F (1366®K) in two low- 
velocity burner rig tests. 

Detailed analysis by metallography, microprobe, and X-ray diffraction 
provided evidence of the beneficial effects derived from the embedded Ai^Qs 
particles in the coating in (1) promoting the formation of the stable a 
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AJ^Qj , (2) promoting the adherence of the oxide, (3) retarding the outward 
diffusion of aluminum from the coating, and (4) retarding the outward dif- 
fusion of nickel from the substrate. 

Ballistic impact tests were conducted at room temperature and at 1800®F 
(1255®K) on flat panel specimens which were subsequently exposed at 2000®F 
(1366®K), Little coating degradation was noted on the compression side of 
the impact site; but, on the tension side, oxidation occurred where cracks 
in the coating penetrated to the substrate. 

Selected coatings applied to tensile and stress- rupture bars produced 
no significant loss in mechanical properties. Oxidation/erosion wedges were 
coated for testing in the NASA- Lewis Mach 1 burner rig. 


2 



SECTION 2.0 


INTRODUCTION 


Evolutionary improvements in aircraft gas turbine technology have 
resulted in continually increasing turbine inlet temperatures and, con- 
sequently, more arduous demands on materials for such components as turbine 
blades and vanes. Formerly, these demands were met by simply using new 
stronger superalloys at these higher temperatures. This was possible 
because the stronger alloys were still operating at temperature levels 
and in environments where corrosion resistance was not a limiting factor. 

This is no longer the case. Today, operating temperatures have risen up 
to and above limits of superalloy resistance to long-time oxidation and 
sulfidation exposure. Therefore, protective coatings for high- temperature 
jet engine parts have become necessities in today's production and advanced 
engines. Although these coatings may suffice for today's application and 
alloys, better coatings will be required to reach the plateau of operating 
conditions for the next generation of engines. 

The strongest current nickel-base alloy, VI-A, developed by TRW^^^ 
under NASA sponsorship, falls into this category. In addition to its out- 
standing high- temperature mechanical properties, it has exceptional high- 
temperature oxidation resistance for substantial exposure times. However, 
for the more extended operating times required for advanced jet engines and 
certain adverse environmental conditions, protective coatings are a neces- 
sity. For use as a coated turbine airfoil, a long-range goal of 3000-hour 
life at 1900®F (1311®K) metal temperature has been established. As a more 
immediate objective, the purpose of this program was to identify a coating 
with at least a 2000®F (1366®K)/800-hour life under cyclic conditions in, a 
high-velocity burner rig with a gas velocity of Mach 0.5. 

Most metallic diffusion coatings currently used for jet engine com- 
ponents are based on depositing and diffusing aluminum into the base metal. 
The resulting coating consists mainly of nickel aluminlde, NIAjK, and small 
concentrations of the elemental constituents of the base metal. In some 
cases, additional alloying elements are introduced during the coating pro- 
cess to Impart desired beneficial effects. It has been General Electric's 
experience, with its in-house- developed coatings, that the entrapment of 
oxide particles (A^i^Qb and TiOg - CODEP C-2) impart improved oxidation 
resistance to the coatings. Oxide particles are also found embedded in 
other commercial coatings, namely HOVfMET Corporation's MDCl. In extended 
testing of the CODEP C-2 coating on Inconel 100 in a high-velocity burner 
rig (Mach 0.85) at Solar Division of International Harvester Corporation^®^ , 
coating life exceeded 2000 hours at 1870®F (1294®K), 1350 hours at 1950*’F 
(1339"K), and 1100 hours at 2050*F (1394°K). 

It has been observed with the CODEP C-2 coating that the embedded parti- 
cles produce a fine-grain structure in the outer coating layer; whereas. 
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without these particles, the outer layer is a nominal one or two grains 
thick* The mechanism of oxidation improvement afforded by the particles 
is not clearly understood, but several possibilities have been considered* 

1) It is well known that oxidation proceeds more rapidly along 
grain boundaries than transgranularly « With a fine-grain 
structure, the oxidation path is lengthened considerably, 
thereby increasing the length of time of coating penetration* 
Moreover, the embedded particles are partly retained in the 
grain boundaries, inhibiting oxidation attack* 

2) The oxide particles have a pinning effect on the protective 
oxide layer that is formed, thus promoting scale adherence 
under cyclic conditions* 

3) The particles act as mechanical barriers to the outward 
cation flux, 

4) The particles interact chemically with coating constituents, 
forming complex oxides (spinels, perovskites, etc,) and reducing 
the cation participation in the surface oxidation reaction. 


The basic approach of this program evolved around the concept of 
embedded particles and modifications thereof to achieve an improved alumi- 
nide coating and to gain an understanding of the oxidation improvement 
mechanism afforded by these and other oxides, Th02 , Y 2 Q 3 » 9 and MnO, 

The only reported oxidation studies in metals containing uniformly-dispersed 
oxide particles have involved the behavior of TD nickel^^ , Cobalt- 2% 
ThOg^®^ , and a few cobalt base alloys containing 2% ThOg^®^ . These studies 
demonstrated that thoria particles decrease the oxidation rate of nickel 
and cobalt. Wasielewski^*^^ showed that minor additions of lanthanum and 
manganese to Hastelloy-X markedly improved oxide scale adherence and 
resistance to dynamic environments. The lanthanum increased the activity 
of Mn and Cr to form a stable MnCrgQ^ spinel which minimized scale volatili- 
zation. Yttrium, on the other hand, is a major factor contributing to the 
outstanding oxidation resistance of the FeCrAJ^Y^®^ alloy. It has also proven 
beneficial to nickel-base alloys such as Rene* 100^®^. Coating modifications 
incorporating these oxide particles were categorized as the "inert Oxide 
Particle Embedment" group. 


The role of aluminum in imparting oxidation resistance to nickel base 
alloys is well known^^^\ in particular, the superiority of NiAJj over Ni^AA. 
Most coatings currently used for jet engine components are based on depositing 
and diffusing aluminum into the base metal. When these coatings degrade on 
exposure, the predominant failure mechanism is oxidation/erosion in which 
the aluminum content of the outer coating layer is depleted, leading to the 
formation of less-oxidation- resistance nickel- aluminum compositions (NigAi 
and gamma). The higher the aluminum level within the NiA-C compositional 
range, the longer it takes to deplete the aluminum level to the lesser 
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oxidation- re si St ant compositions. Thus, increasing the aluminum content 
of the coating along with the embedded oxide particles afforded a method 
of extending coating life. Coating modifications incorporating more 
aluminum were considered as the "Aluminum Enrichment" Group. 

The influence of chromium in improving oxidation is also well recognized. 
Kaufman has shown that an eight-weight-percent addition of chromium to 
stoichiometric NiAjJ improved the oxidation resistance at 1800®F by a signi- 
ficant degree. Seybolt^^®^ determined that chromium added to NiAA promoted 
the formation of the more stable a alumina on exposure at elevated tempera- 
tures, while NiA£ without chromium tended to produce the less stable Y 
alumina as the surface oxide. Thus, the addition of chromium, to alumide 
coatings containing oxide particles, offered promise of improved perfor- 
mance. The modifications incorporating chromium were identified as the 
"Chromium Enrichment" Group. 

In all, 15 coating compositions were investigated and compared with 
a baseline coating (the General Electric CODEP C-2 coating on NASA VIA and 
a reference coating, CODEP C-2 on Rene* 100), The coatings were applied by 
a vapor process simulating the coating of engine components containing small- 
diameter cooling holes. The prevention of hole plugging during coatings was 
a vital consideration; therefore, some of the test pieces incorporated holes 
of different diameters to simulate engine hardware. 

The program was divided into two tasks. In Task I, the various coatings 
were screened in a low-velocity burner rig at 2000®F (1366®K), cycling once 
per hour. Selected systems were subsequently tested in a high-velocity 
burner rig at Mach 0.5 and 2000®F (1366®K), A failure criterion of 3 mg/cm® 
weight loss was established. Subsequent evaluation was by metallographic , 
X-ray diffraction, electron microprobe, and electron microscope technique. 
Ballistic Impact testing was also conducted. Based on these results, the 
two best coatings were selected for further investigation under Task II. 

A flow sheet outlining the Task I program is presented in Figure 1. 

Under Task II , modifications to improve the selected coatings were 
screened in low-velocity burner rigs at 2000®F (1366®K), cycling ten times 
per hour for up to 500 hours. The two best coatings were selected and 
tested at 2000“F (1366®K) for 2000 hours, cycling once per hour. Specimens 
were removed at 500, 1000, and 1500 hours to monitor the progress of coating 
degradation. Evaluation was by the same techniques described in Task I. 

In addition, tensile and stress-rupture specimens were evaluated for the 
effects of the coatings on mechanical properties, and oxidation/erosion 
bars were coated for evaluation in the Mach 1 burner rig at NASA-Lewis. 

Task II is outlined on the flow sheet in Figure 2. 
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SECTION 3.0 


INVESTIGATION - TASK I 


3.1 Materials 

3.1.1 Test Specimens 

The test specimens of NASA VIA alloy were all Government-furnished 
materials; these included: 

a. 150 paddle-wheel test specimens per NASA Sketch No. 

98B-3, Figure A-1* 

b. 40 specimens (1 inch X 2 inches X 0,10 inch thick) 

(2.54cm X 5.08cm X 0.25cm thick) for ballistic 
evaluation 

c. 20 cast and machined-to-size wedge specimens per NASA 
Drawing CB-301680, Figure A-2 

d. 18 stress-to- rupture test bars, 0.252 inch (0.64cm) 
diameter, cast to size with 1/2 inch No. 13NC threads 

Paddle-wheel specimens of Rene' 100 (General Electric version of INIOO) 
were provided from material on hand. 20 cast and machined-to-size wedge 
specimens of INIOO per NASA Drawing CB-301680 were Government-furnished 
material, 

NASA VIA alloy has a nominal composition in weight percent of 9.0 Ta, 

5.5 W, 7.5 Co, 6.0 Cr, 5.5 M, 2.0 Mo, 1,0 Ti, 0.13 C, 0.13 Zr, 0.02 B, and 
0.5 each of RE, Hf, and Cb; while, Rene' 100 has a nominal composition in 
weight percent of 15.0 Co, 9.5 Cr, 5.5 Ai, 4.2 Ti , 3.0 Mo, 1.0 Fe , 1.0 V, 

0.18 C, 0.06 Zr, 0.015 B, and 0.5 each of Mn and Si. 

The paddle-wheel specimens were to be evaluated in preliminary testing 
as solid specimens, while screening tests were to be preformed on both solid 
specimens and specimens with EDM-machined holes (0,012, 0.200, and 0.040 inch 
in diameter by 0.250 inch deep) (0.03cm, 0,05cm, 0.10cm in diameter by 0.64cm 
deep) along the leading edge. The hole patterns are illustrated in Figure 
A-3. 20 paddles were prepared with holes by EDM machining. Ten specimens for 
coating and screening tests had six holes each (two holes of each size) , while 
the remaining ten specimens had three holes each (one of each size) for 
metallographic examination in the as-coated condition. 


Figures with a letter prefix are located in the appendix with the corresponding 
letter designation, e.g. , Figure A-1 is the first figure in Appendix A. 


6 



3.1.2 Pack Materials 


The constituents of the coating packs included the following: 

a. Aj^gOs Filler - GE Specification A50TF100 

b. Ammonium Fluoride - GE Specification A50TF101 

c. CODEP B Powder - GE Specification B50TF93, Class B 

d. CODEP C Powder - GE Specification B50TF93, Class C 

e . Chromium- Aluminum Powder ; Cr-89 . 8% , A^-8 . 4% 

f. Chromium-Aluminum Powder; Cr-84.7%, Ai-12.2% 

g. Chromium- Aluminum Powder; Cr-74.5%, Aj^-24.7% 

3.1,3 Particles - Embedment 

AX2O3 - 2-lOMM, Wall Colmonoy, White Stop-off 
TiOg ^ 2MM, Wall Colmonoy, Green Stop-off 

AJ62O3 ~ 2|JM, Electronics Division, Union Carbide Corporation 
Y2O3 - 1-2I0M, American Potash and Chemical Corporation 
Yg03 - 2-10|jlM, American Potash and Chemical Corporation 
ThOg " 1-2|0M, American Potash and Chemical Corporation 
LagOg - 1-2}JM, American Potash and Chemical Corporation 
MnO - 1-2[JM, Manganese Chemicals Company 
Cr - 1-3|JM, Federal Mogul 
3.2 Test Facilities 

3.2.1 MtPTL Low-Velocity Burner Rig 

The M&PTL burner rig, Figure A-4, is a natural-gas-burning, dynamic- 
oxidation tunnel. A set of eight selas gas burners is located at the front 
of the tunnel with the specimens positioned in a rotating fixture approxi- 
mately 2 feet (61cm) into the tunnel. Cycling is accomplished by forcing 
cool air at a high velocity into the tunnel with simultaneous reduction of 
the burner flame. 
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Temperature control is maintained by adjusting airflow and natural gas 
input. Gas stream velocity is approximately 0,05 Mach at 2000®F (1366®K) . 
Rotational speed of the specimens within the tunnel is 36 rpm. Monitoring 
techniques for temperature measurement are optical and will be discussed 
fully in the next section, 

3,2. 1,1 Temperature Measurement - M&PTL 

Temperature measurement in the M&PTL burner rig tests was accomplished 
primarily through use of a Leeds and Northrup optical pyrometer and numerous 
control checks with an Ircon infrared measuring device. In addition, a 
platinum-platinum rhodium thermocouple attached to a metal panel was sus- 
pended just aft of the specimens for monitoring temperature. 

Use of instrumented test paddles was considered as a possible tempera- 
ture control device in the tunnel. However, investigation into their 
accuracy and dependability cast considerable doubt as to their usefulness 
in this type of test. At the present time, the best 10-mil (0,25mm) sheathed 
thermocouples available offer an accuracy of ± 3/4 percent. Therefore, at 
our test temperature of 2000®F (1366®K) , an accuracy of ± 15®F (8®K) would be 
the best possible. In reality, according to our instrumentation group, a 
range of ± 25 ®F (14®K) would be more realistic. Placement of the thermo- 
couples on the paddles presented additional problems in that their location 
on the surface would alter the flow pattern and, thus, possibly create a hot 
spot condition. On the other hand, embedding the thermocouples beneath the 
surface 2 mils (0,05mm) would not truly indicate the surface temperature. 

For the above reasons, and the fact that at temperatures above 1500®F (1088^K) 
optical measurements of temperature are the accepted standards, instrumented 
paddles were not utilized. 

Optical readings were taken at least twice each day with either the 
pyrometer or infrared device. The Ircon infrared instrument included an 
adjustable emissivity correction. This was adjusted to a 0.85 emissivity 
for the coating. The normal location for reading the temperature of the 
paddles during testing was at a spot near the leading edge and approximately 
0.4 inch (1.0cm) below the tip. Trailing edge temperatures, which visually 
appeared significantly hotter than the leading edge, were estimated by 
optical means to be 20-30®F (11-17®K) higher. Constant surveillance of the 
cycle characteristics was provided by the aft thermocouple. 

3.2,2 SPPI Burner Rig 

The high-velocity burner rig was located at EPPI Precision Products Inc. , 
Clarendon Hills, Illinois, The facility, Figure A-5 consists of a 15-inch- 
long (0.38m) burner which uses Type-A jet fuel for burning. Test specimens 
rotate on a fixture in front of the burner. Cycling is accomplished by re- 
moving the specimens from the gas stream and blasting with cold air if 
necessary to maintain desired cooling rates. 
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Temperature control is maintained by adjusting the airflow and fuel 
input, which are automatically controlled to preset values and constantly 
monitored by the operator. Gas stream velocity at 2000®F (1366®K) is 
calculated to be 0.5 Mach, although actual measurements have not been con- 
ducted. Rotational speed of the test specimens was maintained at a constant 
speed of 1750 rpm. 

Monitoring of the temperature was accomplished with a Leeds and Northrup 
optical pyrometer. Constant temperature measurement was conducted during 
heatup, with periodic checks and recordings thereafter. 

3.2,3 Ballistic Impact Facility 

The ballistic impact facility, Figure A-6, consisted of a modified 
Benjamin air rifle using 0.174- inch (4.3mm) diameter steel ball projectiles 
at velocities up to 650 feet (198m) per second. Velocity of the projectile 
was determined with an elapsed-time counter and controlled with bottled air 
pressure cylinders. Induction coils were utilized to bring specimens to the 
1800®F (1225®K) testing temperature as shown in the above figure. Single 
specimens were held in a rigidized vise-type fixture for impacting. 

3,3 Coating Compositions 

3.3.1 Coating Combinations 

Coating combinations selected for investigation are complied in Table I, 
The first two combinations, CODEP C-2/NASA VIA and CODEP C-2/R*100, were 
selected to serve as a baseline coating and a reference coating, respectively. 
In addition, applying the same coating process to both the Rene’ 100 and the 
NASA VIA alloy provided a basis for comparison between the two alloys and a 
measure of severity between the test facilities. 

The basis for selection of the three modification groups; "inert Oxide 
Particle Embedment", "Chromium Enrichment", and "Aluminum Enrichment" are 
discussed in the Introduction. 

3.3.2 Coating Processes 

Most turbine airfoils for the hot sections of advanced engines, for 
which the NASA VIA alloy would be an active candidate, incorporate cooling 
holes in their design. Since these holes are often quite small [O.OlO to 
0.020 inch diameter (0. 25-0. 5mm) ] , the coating process must be capable of 
coating these holes without becoming plugged with coating compounds. In- 
house experience with the coating of such hardware had demonstrated that the 
conventional pack-type CODEP processes could not assure 100 percent freedom 
from hole plugging. This led to a process in which the parts to be coated 
are not in direct contact with the pack. They are suspended above the pack 
mixture, and coating is effected by the rising vapors generated within the 
pack. This was the basic process used in all the coating modifications 
under investigation. 
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3,3,2, 1 Pack Preparation 


The pack itself consisted of a mixture of 40 percent alloy powder, 60 
percent oxide filler, and an ammonium fluoride activator. Except for the 
chromium-enrichment modifications, the alloy powders were ternary alloys of 
titanium, aluminum, and carbon of either intermediate aluminum, or high 
aluminum activity, CODEP "C" and CODEP "b" are General Electric designations 
for powders of intermediate and high aluminum activity, respectively. 

For the chromium-enrichment coatings, three chromium- aluminum powders 
were used: (1) 89,9 Cr-8,4 M, (2) 84,7Cr-12.2 ki, and (3) 74.5 Cr-24.7 
kZ. The filler consisted of a 50-50 mixture of alumimun oxide and chromium 
oxide. The chromium oxide was incorporated in the pack mixture to reduce 
the aluminum deposition rate so that a codeposition of both aluminum and 
chromium would take place. Several process variations and a number of 
activators were investigated. A second method of chromium enrichment in- 
volved the embedment of discrete chromium particles in the outer coating 
layer. 


3. 3. 2, 2 Slurry Preparation 

The introduction of oxide particles into the coating is accomplished 
by a relatively simple method. A slurry is prepared consisting of the 
oxide powder, a binder, and a solvent in approximately the following: 

Oxide Powder - 200 grams 

Nicrobraz Cement - 50 cc 

Acetone - 50 cc 

Precise proportions were not defined, because minor adjustments to facilitate 
spraying were necessary depending on the type of oxide. The ingredients were 
mixed in a high-speed blender with a rotating cutter for a period of 5 minutes 
(minimum) and then transferred to the spray can of a Devilbiss paint spray gun. 
Prior to the application of the slurry, the specimens were degreased, liquid 
honed, and rinsed with acetone. Using the air-operated Devilbiss spray gun at 
a line pressure of 40-50 psi (2.8-3. 5 Kg/fcm®) , a smooth, opaque, adherent 
coating was applied free of wrinkles, blisters, or other surface discontinui- 
ties. Coating thickness varied from 10-15 mils (0, 25-0. 38mm) . After spray- 
ing, the slurry coating was allowed to dry in air for a minimum of 30 minutes. 

In the case where metallic chromium particles were introduced (NC4-Cr) , 
the slurry composition consisted of the following; 

AXgCfe - 50 grams 

Ti02 - 50 grams 
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Cr 


100 grams 


Nicrobraze cement - 50 cc 

Acetone - 50 cc 

Where two oxides were used together, the weight percentages of each are 
listed in Table I. 


3. 3. 2. 3 Processing Procedures 

Processing of the test specimens was conducted in Inconel coating boxes 
(6X6X5 inches) (15.2 X 15.2 X 12.7cm), Figure A-7. A thermocouple tube, 
sealed at the end which extends into the center of the box, provided monitor- 
ing of the internal temperature throughout the coating cycle. The bottom of 
the box was filled with the pack mixture to a depth of one inch (2.54cm). 

The paddle-wheel specimens were mounted in a holding fixture, and the fixture 
was buried in the pack mixture leaving the entire airfoil section exposed. 

After positioning the specimens, the box was covered with a lid and in- 
serted into the forward section of an atmosphere-controlled retort. Figure 
A-8, mounted in a Harper furnace. Figure A-9, and set at a temperature to 
produce the desired processing temperature inside the coating box. Pack 
reactions were carried out at 1925® F (1324 ®K) for 4 hours. 

Coating thickness control was exercised by weight gain measurement 
of control coupons, weight gain of the paddle specimens themselves, and 
metallographic examination. Thickness-control panels were placed both 
within the pack mixture and at several levels above the pack mixture. 

3.3.3 Processing Results 

The results of processing the various coatings are presented in Table 
II. Included are the overall coating thickness, outer coating layer thick- 
ness, inner diffusion zone, and volume fraction of embedded particles. The 
coating thicknesses presented in this table are the average of a minimum 
of ten readings taken at 500X magnification along the periphery of a polished 
section of the paddle airfoil. The volume fraction of the particles in the 
outer coating layer was based on a comparison with standards for which the 
particle volume fraction had been determined by the point-intercept method. 
These standards were for volume fraction embedment levels of 10, 20, and 30 
percent. From Table II, the volume fractions of particles observed in the 
coatings were low in comparison with the target percentages. Only the two 
CODEP C-2 coatings met the target of 25 volume percent. The thoria-containing, 
NC2-T, modification exhibited the best particle embedment with 35 volume 
percent. The chromium-enrichment coating, NC4-Cr, had a nonuniform 
particle and chromium particle embedment totalling 30 volume percent. Yttrium 
oxide additions to the coating NCl-Y and NCl-AY proved unsatisfactory, due to 
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their masking tendencies during aluminum deposition. Apparently, the bisque 
of YgO^ forms a tightly-bonded layer at the surface of the substrate during 
processing which greatly hampers aluminum deposition. As a result, coating 
thicknesses obtained with the 2-10 |JM particles were only 0. 8-1.0 mil (20-25 
| 0 M) , while the 1-2 |JM particles limited coating thicknesses to 0.4-0 . 6 mil 
(10-15 MM). Longer processing times and higher coating temperatures were not 
helpful. 

Lanthanum- oxide additions to the coating NC3-L and NC14-L appeared 
acceptable during initial processing and evaluation; however, subsequent 
X-ray diffraction data revealed that the activator, NH^F, was reducing the 
oxide and forming LaPa . This reaction will be discussed more fully in a 
later section of the report. 

Coating modifications using manganous-oxide additions, NC5-Y, NC 6 -T, 
and NC7-L, presented processing difficulties. In all cases, the MnO was 
reduced by the activator and/or hydrogen to Mn. As a result, the entire 
bisque sporadically bonded to the surface foming a porous layer « 15 mils 
(0.37mm) thick, which was difficult to remove without damaging the under- 
lying coating. Use of lower-activity activating agents such as 
provided no improvement. 

The chromium-enrichment group (NC 8 -Cr, NC9-Cr, and NClO-Cr) showed 
generally low weight gains and correspondingly thin coatings. These systems 
were designed to codeposit chromium and aluminum from selected Cr-Ai alloys 
(75-25, 85-15, and 90-10 weight percent combinations, respectively) to 
produce a protective coating. Several processing modifications were tried, 
but all were unsuccessful to varying degrees. Different activators including 
NH 4 .F, NH^Cf, KI, and CrPs were evaluated, with CrFg producing the best re- 
sults. Temperature and time-cycle modifications at temperatures up to 2100“F 
(1421®K) and times up to 8 hours produced little improvement. Chromium levels 
in the final systems using CrFs activation and a cycle of 2000“F (1366®K)/4 
hours were 7 wt/o, 11 wt/o, and 15 wt/o with thicknesses of 1.1, 1.0, and 
0.8 mils (28 MM, 25 MM, and 20 MM) , respectively. 

As mentioned previously, the coating process which was used in this 
program involved suspending specimens above the pack mixture where they are 
coated by the rising vapors generated within the pack. The coatings produced 
by this type of processing differ from those produced within the pack mixture. 
Primary differences are in weight gain and coating thickness achieved under 
standard conditions. In general, both weight gain and thickness of the coating 
are approximately 40 percent less with the vapor process as compared with in- 
pack results. Examples of this behavior are Included below; 


Coating System 

Weight Gain(mg/cm®)^^^ 

Thickness , 

Mils (MM)^^^ 

Vapor 

Pack 

Vapor 

Pack 

NASA VIA/C-2 

3.16 

5.62 

1.6(41) 


R ’ 100 /C-2 

4.84 

6.95 

1.8(46) 


NCll-A 

4.12 

6,54 

1.7(43) 

2.3(58) 

NC4-Cr 

4.32 

6.88 

1.8(46) 

2.2(56) 


U) 


All data points are the average of at least five separate coating runs. 
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Photomicrographs representative of the more successful systems are shown 
in Figures 3 through 6. Particle embedment varied from 10 percent for the 
NCl-Y, NCl-AY, and NC1-2Y, up to 30-35 percent for NC2-T. 

Electron microscope examination , to determine particle volume fraction 
and particle size, was conducted. At magnifications of 10,000X and 20,000X, 
too few particles were present in a given field to make an accurate determina- 
tion of volume. Moreover, magnification at 500X appeared to be satisfactory 
for volume fraction determination. The electron microscope did prove valuable 
in determining particle distribution and size. 

In CODEP C-2 coating, Figure 7, the particles are shown to be 

concentrated at the outer edge of the coating and the TiOg at the interface 
of the outer coating layer and the inner diffusion zone. Identification of 
oxide particles was determined primarily through size differences: 2-10 jJM 

for AfsQg and < |JM for TiOg . Particle embedment, both in the grain boundaries 
and within the grains, was brought out in the NCll-A coating, Figure 8. 
Similarly, the distribution of AigOs particles at grain boundaries and within 
grains in the NC4-Cr coating is illustrated in Figure 9, top, and a large 
chromium particle in Figure 9, bottom. 

3.4 Burner Rig Test 

3.4,1 Testing Procedure 

At the initiation of the program, it had been agreed that four 
combinations, CODEP C-2/Rene ’ 100 (reference system), CODEP C-2/NASA VIA 
(baseline system), NC4-Cr, and NCll-A would be evaluated first in a high- 
velocity burner rig test under subcontract to EPPI Precision Products, Inc, 
Concurrently, the same systems would be tested in the low-velocity M&PTL 
burner rigs to determine if a correlation existed between the two types of 
tests. The low- velocity flame tunnels were to be used for screening the 
other coating modifications, according to group. Each group consisted of 
three or four modifications (NCI - NC3 constituted the first group; NC5 - 
NC7, the second; NC8 - NCIO , the third: and NCll - NC14, the fourth). The 
best coating from each group would subsequently be tested in the EPPI burner 
rig. 


For the EPPI burner rig test, three paddle specimens were prepared with 
a given coating (two solid specimens and one with EDM holes). The two solid 
paddles were to be placed on test first. After 250 hours at 2000®F (1366®K) , 
with a 3-minute cooling cycle every hour, one of these paddles would be re- 
moved and replaced with the specimen containing the EDM holes. If no failure 
occurred, these specimens would remain on test for 550 hours more, or a total 
of 800 hours for the solid specimen and 550 hours for the one with holes. 
Whenever one specimen of a given coating system failed, both specimens were 
to be removed and replaced with a different coating modification based on its 
performance in the M&PTL burner rig. From this initial 800-hour test, the 
better coatings were to be selected for testing in a second 800-hour test. 
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Before discussing the test results, some observations of the first EPPI 
test are in order. Specimen temperature was monitored by an optical pyrometer 
at the center of the airfoil leading edge. During the early stage of the 
testing, 159 hours, a member of the IKsPTL staff was observing the test and 
noted that the temperature at the lower airfoil trailing edge was significantly 
higher than at the location where the temperature was being monitored. The 
temperature at the trailing edge was estimated to be approximately 2100“F. 
Because of the design of the holding fixture, it was difficult to obtain an 
accurate reading. At this point, a CODEP C-2-coated R'lOO airfoil had sus- 
tained a weight loss in excess of 3 mg/cm^ and was removed. Failure was 
observed in a localized area at the lower airfoil trailing edge, whereas the 
coating on the balance of the airfoil appeared unaffected visually. Figure 10. 
The other coating modifications all showed evidence of attack in this area, 
but not to the extent of failure. Examination of the weight change data re- 
vealed a sharp increase in weight loss between 111 and 128 hours, indicating 
a possible overtemperature during that period. Modifications were made in 
the test setup which produced a more uniform temperature profile by reposi- 
tioning the burner flame and changing the specimen holder to allow the hot 
gases to flow more readily between the specimens. These modifications were 
not fully effected until some 300 hours of testing had accumulated. Continued 
testing to 800 hours Indicated that the modifications lowered the temperature 
at the lower trailing edge but still not to the level at the center of the 
leading edge, the result being further localized attack. In an attempt to 
correct this situation for the second EPPI test, the paddle specimens were 
modified by removing the lower trailing edge section to eliminate the hot 
spot occurring in this area. A wedge section approximately 1/8 inch wide 
at the base and 1/2 inch long was removed. 

This difficulty was not experienced in the M&PTL burner rig; conse- 
quently, the paddle specimens did not require modification for this test. 

3.4.2 Coating Performance 

The results of the initial screening tests in the EPPI and MScPTL 
burner rigs are presented in Tables III and IV, respectively. Only the 
NC4-Cr and NCll-A coatings survived 550 hours with the coating intact. All 
coatings showed moderate-to-severe attack in the lower trailing edge section 
of the airfoil and metal loss in some cases due to the higher temperature 
in that location. Other than AjJgO^ , none of the oxides proved to be bene- 
ficial. The addition of MnO appeared to be particularly detrimental. Per- 
formance of the coatings in the EPPI burner rig paralleled their performance 
in the M&PTL rig, except for the NC3-L coating which failed early in the 
EPPI rig. 

The chromium-enrichment coatings (NC8-NC10) and the alumlmun-enrlchment 
coatings (NC12-14) did not warrant testing in the EPPI burner rig because of 
their poor performance in the M&PTL rig. The chromium-enriched coatings 
spalled severely after a relatively few hours of testing. Similar results 
were obtained with the YgOs , ThOg , and LagO^ additions to the aluminum- 
enriched coatings. 
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Metallographic examination of sections from specimens from the EPPI 
test, taken through the center of the airfoil where the 2000®F (1366®K) 
temperature was monitored, revealed that the coating on the leading edge 
and mid-airfoil sections was intact on all specimens, Table V. However, 
except for the NC4-Cr and NCll-A coatings which were intact, all other 
combinations failed at the trailing edge section* 

For the second test series, the following coatings were selected for 
testing at 2000®F (1366®K) in the EPPI burner rig and a comparative test in 
the M&PTL burner rig* 

a) NC4-Cr - chromium enrichment through dispersed AjJgOa 
chromium particles 

b) NCll-A - Aluminum enrichment with dispersed AX 2 O 3 
particles 

c) NCll-A (Modified) - Same as (b) with addition of chromium 
particles 

d) CODEP C-2 - baseline 

Selection of the first two compositions was based on their excellent 
performance in both the EPPI and M&PTL burner rigs as described above. Coat- 
ing composition (c) , the modified NCll-A, was selected in an effort to combine 
the higher aluminum content of composition (b) with the chromium enrichment 
of composition (a). The last composition, CODEP C-2, was included to provide 
an in-test basis for determining coating improvement and to generate additional 
baseline data. 

Each of the compositions described above was represented by two coated 
paddle specimens in both the EPPI and M&PTL burner rigs. Cumulative weight 
changes are presented in Figures 11 and 12, respectively. Testing at the 
EPPI, Figure 11, was stopped after 662 hours due to the specimens exceeding 
the 3 mg/cm® weight loss criterion. Again, localized attack had occurred at 
the lower trailing edge despite the airfoil modification made to alleviate 
the condition. Aside from the local attack, the balance of the airfoils of 
the NCll-A and NCll-A (Modified) appeared intact. 

In the M&PTL burner rig, the NC4-Cr and CODEP C-2 coatings exceeded the 
failure criterion after 800 hours, whereas the NCll-A and NCll-A (Modified) 
showed no evidence of coating failure and the weight change was still positive. 
Testing continued until 1568 hours before the 3 mg/cm^ loss criterion was 
reached, at which point the testing was terminated. Localized failure, as 
found in the EPPI rig was not observed. 

Because of the type of failure in the EPPI test, it is difficult to 
establish a severity factor between the two test facilities. At an inter- 
mediate point in the test schedule, prior to deterioration of the lower 
trailing edge at EPPI, the two facilities indicated equivalent rank and 
weight change for the four compositions, except for the NC4-Cr coating. 
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Coating 

Weight 

Change, Gram 

EPPI - 261 Hours 

M&PTL - 297 Hours 

NCll-A 

+ 0.012 

+ 0,038 


+ 0.010 

+ 0,037 

NCll-A Mod. 

+ 0.017 

+ 0.037 


+ 0.016 

+ 0.033 

NC4-Cr 

- 0.063 

- 0.102 


- 0.064 

- 0.115 

C-2 

- 0.210 

- 0.084 


- 0.184 

- 0.090 


In the other three cases, the EPPI rig appears to be about twice as 
severe as the M&PTL rig. Additional evidence for this estimate will be 
covered under the section on metallographic examination. 

The continued overheating of the lower trailing edge in the EPPI test 
prompted an investigation of the temperature being experienced in that area. 

A study was conducted comparing the metallographic structure of the base alloy 
after exposure in the EPPI rig with bare specimens exposed statically at 
several temperature levels. Temperatures of 2050*’F (1394“K) and 2150®F 
(1450°K) were selected for exposure times up to 300 hours. Sections were 
taken every 50 hours for metallographic examination and compared with a bare 
360-hour EPPI specimen. The static oxidation effects at 2050 ®F (1394°K) 
after 300 hours are shown in Figure 13, in comparison with the leading, 
center, and trailing edge sections of the 360- hour bare EPPI specimen. 

Figure 14. Note that the coarsening of the gamma prime structure in the 
static test at 2150“F (1450®K) (Figure 13, bottom) is virtually the same as 
that of the EPPI center airfoil section (Figure 14, center) . The grosser 
coarsening at the lower trailing edge section of the EPPI specimen (Figure 
14, bottom) would indicate a temperature in excess of 2150“F (1450®K). On 
this basis, it is evident that the major portion of the weight loss sustained 
by the specimens in the EPPI rig is attributable to the localized over- 
temperature condition. 

3.4.3 Evaluation 

3.4. 3.1 Metallography 

Metallographic examination of the best performing compositions at EPPI 
(NC4-Cr and NCll-A) revealed the coatings to be totally intact at the leading 


16 




edge sections, where the 2000°F (1366®K) temperature had been monitored 
(Figure 15) , Further sectioning confirmed that coating penetration or 
failure was confined to the lower trailing edge sections. 

In Figure 16, the condition of the NCll-A coating on the leading edge 
and trailing edges from the M&PTL test after 1568 hours is compared with 
the NCll-A leading edge coating from the EPPI test after 662 hours. Whereas 
the coating is intact on the EPPI rig specimen, virtually all of the outer 
layer of the leading edges tested in the a^PTL rig has been lost. The 
center photograph shows a more severe attack on the trailing edge coating as 
evidenced by the presence of massive oxides. The latter two photographs 
demonstrate the extent of coating degradation associated with a weight loss 
of 3 mg/cm®. Comparing this degree of degradation with the relatively in- 
tact condition of the EPPI-tested NCll-A coating, it is apparent that, in 
the latter case, the 800-hour goal would have been achieved readily had it 
not been for the lower trailing edge overtemperature. 

Comparative severity of the two test facilities can only be approximated 
from the metallographic results. Examination of metallographic sections 
after 800 hours in the M&PTL burner rig revealed a level of degradation some- 
what less extensive than that achieved in the EPPI facility. An equivalent 
level of degradation would be anticipated between 1000 and 1200 hours, where 
weight losses of 1.0 - 1.5 mg/cm^ (Figure 12) had occurred. On this basis, 
the severity of the EPPI burner rig is judged to be between one and a half 
and two times that of the M&PTL burner rig. Accordingly, the projected 2000- 
hour test under Task II would be equivalent to at least 1000 hours in the 
EPPI burner rig, 

3. 4. 3. 2 Electron Microprobe Analysis, As-Coated 

Microprobe results for as-coated compositions are compiled in chart 
form in Table VI. It must be pointed out that these data are not quantita- 
tive, but rather approximations of material concentrations from the traces. 

Additive layers of the coating systems were primarily nickel and 
aluminum with only minor diffusion from alloying elements in the NASA VIA 
substrate. The systems which contained embedded chromium particles were 
an exception to this, in that the chromium level in the coating was at or 
near base-material levels. Generally, all alloying elements of the substrate 
were present in the diffusion zone of the coating, with a sharp decrease 
noted when entering the additive layer. One significant point which should 
be brought out is the large increase in aluminum concentration in the two 
optimized systems, NCll-A duplex and NC4-Cr duplex, prepared with a high- 
activity aluminum pack. 

3. 4. 3. 3 X-Ray Fluorescence Analysis 

Studies in X-ray diffraction and microprobe of the behavior pattern for 
coatings tested at EPPI indicated several anomalies which needed more extensive 
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investigation. In particular, the behavior of chromium and the presence of 
iron in the coating could not be fully explained by microprobe and/or X-ray 
diffraction. X-ray fluorescent analysis, which would provide relative in- 
tensities of alloying elements in the coating before and after testing, was 
considered necessary at that time. Results from this analysis on paddle test 
specimens of three coating systems [NCll-A (Mod.), NC4-Cr, and R'lOO/C-2], 
plus the base alloy NASA VIA, are presented in Table VII. 

Two of the compositions selected contained chromium as embedded 
particles in the outer coating layer. Chromium behavior, which is particularly 
significant in terms of coating protection, will be discussed first. Relative 
intensity increased twofold in the NC4-Cr system over the base alloy, while 
the NCll-A modified system (also containing chromium additives) showed a minor 
increase in the as-coated condition. After testing (EPPI rig, 662 hours), 
both systems showed significant decreases in chromium content with NC4-Cr 
remaining slightly higher and NCll-A (Modified) dropping below substrate 
level. Depletion of chromium in this manner is explained by the formation of 
a NiCrgO^ spinel- type oxide. With a high level of chromium in the coating, 
outward diffusion from the base material is retarded, thus maintaining the 
desired chromium level in the matrix. In contrast, the R' lOO/C-2 system, 
which contained no chromium additions and showed only a minor indication as- 
coated, exhibited a chromium level nearly that of the matrix after 250 hours 
in the EPPI rig. This chromium must have diffused outward from the base 
alloy, thus depleting the region under the coating and making it more prone 
to attack if coating failure occurs. 

Iron levels increased dramatically in all compositions after EPPI 
testing. This Increase in intensity exceeded any base material content and 
could only be a function of the test conditions. The burner rig at EPPI 
uses an iron-base nozzle which apparently erodes and/or oxidizes, and the 
resulting product is deposited on the coating surface. The effect of the 
iron on coating protection is unknown, although it is not believed to be 
detrimental. Presence of iron of this intensity will help explain the 
strong indication of MAXgO^ reported in the following section on X-ray 
diffraction analysis. 


3. 4. 3. 4 X-Ray Diffraction Analysis 

X-ray diffraction analyses of coated paddles included all coating 
systems which were tested in the EPPI burner rig. A complete listing of the 
results for the nine compositions, as processed, and after their respective 
EPPI exposures, is included in Tables B-I through B-IX. Analyses of the 
coating modifications, as processed, showed the coatings to be basically NiAi 
with differences attributed to process variations and/or particle additions 
to the outer coating layer. Specific points of interest were: 

e As-coated NCll-A (Modified) coating showed an increase in 
aluminum level as evidenced by the possible presence of a 
NigAis phase in the outer coating layer with 42 w/o ki 
shown by electron microprobe analysis. 
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0 Phases after exposure were NiAi^ NisAjJ, ^ MAX 2 O 4 , and 

particles. 

m For exposures longer than 300 hours, those coatings pro- 
cessed with CODEP B retained a strong NiAj0 presence with 
some NisAji, while those processed with CODEP C showed a 
strong NisAX and a weak NiAX. 

® Chromium additions to the coatings were observed as free 
Cr in compositions NC4-Cr and NCll-A (Modified) , with the 
intensity being much greater than in other systems. 

0 All particle additions (ThOg , AX 2 P 3 , TiOg , and LagOs), 

which were part of the coating modifications, were identified 
as phases in the coating, 

0 Lanthanum oxide additions to the coating compositions were 
largely reduced by the ammonium fluoride activator and 
hydrogen in the coating process to a LaFg phase. On 
exposure, oxidation of LaFs to LagC^ proved deleterious to 
the coating. 

X-ray diffraction patterns of the coating compositions after EPPI 
testing generally showed a decrease in aluminum and chromium intensity with 
the NiAX degrading into NisAX. All particle additions retained their iden- 
tity with the exception of LagQ^ , which was identified as LaFg with indica- 
tion of LaAXsOa as well. In addition, a phase MAXg 04 was found in each 
composition after testing. Initially, the phase was believed to be NiAX 204 ; 
however, X-ray fluorescent studies, which were discussed previously, un- 
covered substantial iron indications and made it probable that FeAXs 04 is 
also present. 

3.5 Ballistic Impact Testing 

Coating compositions of primary interest were ballistic impact tested, 
to determine if the coating improvements altered properties of the basic 
NiAX coating layer. All testing was conducted with a modified Benjamin air 
rifle using steel balls, 0,174 inch (0,44cm) in diameter and weighing 0,3576 
gram. Initial testing was conducted at room temperature and 1800®F (1255®K) 
at velocities of 200 - 650 feet (60.9-198m) per second. Final selected 
velocities of 400 feet (121.9m) per second at room temperature, and 500 feet 
(152.5m) per second at 1800®F (1255®K) , were determined to be the velocities 
necessary to produce fine coating cracks without fracture of the base metal. 
Actual impact energies to produce cracking were calculated using the kinetic 
energy equation E = 1/2 M V®, neglecting rebound velocities and other variables 
such as angle trajectory, bending moments, and deformation of the pellet. In 
this particular case, the impact energy for the specimens was determined as 
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1.96 foot-poundals (0.083J) for the 400 fps (121.9 mps) velocity and 3.06 
foot-poundals (0.129J) for the 500 fps (152.5 mps) velocity. Projectile 
velocities were monitored by an elapsed-time counter during all tests. 

Five compositions were selected for M&PTL burner rig testing after 
ballistic impact damage. One specimen from each of the five compositions 
evaluated was impacted at room temperature and the other at 1800®F (1255“K). 
Macro pictures of all Impacted compositions used for burner rig testing are 
shown at 15X magnification in Appendix C. No significant differences were 
observed among the other four compositions in comparison with the basic 
aluminide composition of NASA VIA/C-2. 


This testing arrangement, together with the respective velocities and 
impact energies, is listed below; 



Impact Temperature 

Velocity 

Energy 

Coating System 

“F 

FPS (mps) 

foot-poundals (Joule) 

NCll-A (Mod.) 

RT 

400(121.92) 

1.96(0.083) 

NCll-A (Mod.) 

1800 ( 1255 ®K) 

500(152.4) 

3.06(0.129) 

NCll-A 

RT 

400(121.92) 

1.96(0.083) 

NCll-A 

1800 ( 1255 *K) 

500(152.4) 

3.06(0.129) 

NC4-Cr 

RT 

400(121.92) 

1.96(0.083) 

NC4-Cr 

1800(1255®K) 

500(152.4) 

3.06(0.129) 

NASA VIA/C-2 

RT 

400(121.92) 

1.96(0.083) 

NASA VIA/C-2 

1800(1255“K) 

500(152.4) 

3.06(0.129) 

NC3-L 

RT 

400(121.92) 

1.96(0.083) 

NC3-L 

1800(1255“K) 

500(152.4) 

3.06(0.129) 


Evaluation of oxidation-tested specimens after impact consisted of 
visual inspection of the impacted areas at 30X magnification, to determine 
if cracking accelerated the oxidation attack. M&PTL testing was conducted 
for 286 hours under the typical conditions described for other testing in 
the program with the results following the same trend. Coating systems 
NCll-A and NCll-A (Modified) exhibited the least severe attack in the impact 
areas. Systems NC3-L and NASA VIA/C-2 not only showed attack in the Impact 
area, but attack of the overall coating as well. In general, all impact 
areas appeared to have sustained greater oxidation attack than the overall 
coating, as evidenced by a blue oxide and excessive oxide growth. 
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Me tnllographic examination of the cracked areas after burner rig testing 
showed that attack had proceeded down the open cracks but not through the 
ditfusion area of the coaling* No lateral oxidation was observed along the 
coating/base material interface. The attack was relatively mild. 

3.6 Summary of Results - Task I 

The initial phase of this program, identified as Task I, was basically a 
screening phase which included testing and evaluating of 15 coating modifica- 
tions, a baseline coating composition, and a reference composition. 

The basic approach involved improvement of an in-house-developed aluminide 
coating by: 

(1) The incorporation of fine reactive oxides in the outer 
coating layer through embedment 

(2) Increasing the chromium level in the coating by pack 
composition and embedment 

(3) Increasing the aluminum level in the coating 

Particle embedment studies of the various reactive oxides and metallic 
particles incorporated in the addition layer of the coatings comprised the 
first work in the program. Actual volume fraction levels of particles added 
to the coating compositions were less than the goals set forth in the program. 
In general, embedment levels averaged 25%, with the best system being NC2-T 
at 25-407o. Only one composition, baseline system NASA VIA/C-2, actually 
achieved the proposed goal of 30%. Although embedment was not at the proposed 
levels, it was sufficiently high to substantially influence the results. 

Preliminary testing of all coating compositions was conducted in the 
M&PTL low-velocity burner rig. From this testing, the best composition of 
each modification group was selected for more extensive testing in the high- 
velocity burner rig at EPPI. Results from the first EPPI test series 
demonstrated that the best compositions were NCll-A, AjJ enrichment + dispersed 
AXgOa particles, and NC4-Cr - chromium particle addition to the basic alumi- 
nide. These two modifications remained in test for 550 hours without failure, 
despite a severe hot spot condition at the lower trailing edge. 

Final testing in Task I involved concurrent testing at EPPI and M&PTL 
of the best coating compositions. Each selected composition was represented 
by duplicate specimens in each test. The EPPI test was terminated at the end 
of 662 test hours with all specimens having exceeded the 3 mg/cm^ weight loss 
criterion. The bulk of the weight loss was suffered at the lower trailing 
edge where the hot-spot condition persisted despite all attempts to alleviate 
the condition. However, conclusive results were obtained in determining the 
most protective system, NCll-A. 
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Testing of the identical coating compositions in the M&PTL rig was 
terminated at the end of 1568 test hours. Specimens in this rig were not 
subject to any abnormal test conditions and were very consistent in behavior. 
NCll-A (Modified) and NC11~A were the most Protective Compositions from this 
test. 


A comparison of the severity of the two test facilities was based on 
visual examination, weight change, and metallographlc examination. The 
coatings from the EPPI rig were found to be totally intact in all areas 
except the lower trailing edge section. Furthermore, these areas appeared 
to have a substantial thickness of intact coating. In the case of specimens 
tested at M&PTL, there was a general degradation of the coating layers in 
all areas after 1568 test hours. 

Condition of the coatings from this test was indicative of a spent 
coating with little life remaining. Figure 16. These results, coupled 
with weight change data from an intermediate test point in the two rigs, 
indicated a severity factor of 1.5-2 for the EPPI rig over the M&PTL rig. 

There is little doubt that, had the local failure in EPPI testing not 
occurred, the better coating compositions would have readily exceeded the 
goal of 800 hours. 

Electron microprobe, X-ray fluorescence, and X-ray diffraction evaluation 
techniques substantiated the presence of the several additives in the coating 
compositions and that of the high residual aluminum and chromium of the best 
compositions. 

Ballistic impact testing demonstrated that the additives to the nickel 
aluminide coating layers did not appreciably alter impact properties. All 
compositions tested, including the basic aluminide, showed cracking to the 
same degree under equivalent temperatures and Impact energies. 
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SECTION 4,0 


INVESTIGATION - TASK II 


4,1 Coating Process Parameters Modifications 

Under Task II of the program, three coating compositions [NCll-A, NCll-A 
(Mod.), and NC4~Cr] were selected for coating improvement studies. Since the 
processing parameters originally used for the above coatings produced thick- 
nesses in the range of 1.3 - 1.6 mils (33-41MM), an obvious approach to 
achieve longer life was to increase coating thickness. This was undertaken 
by several methods: 

1, Higher processing temperatures 

2, Longer processing times 

3, Higher aluminum activity packs 

One of the methods of achieving higher aluminum activity was to process the 
parts within the pack mixture rather than outside the pack. As reported in 
Section 3.3,3, the weight gain and thickness of the coating are approximately 
40 percent less with the vapor process as compared with nominal in-pack 
results. A coating thickness of 2,0 mils (SlpM) minimum was considered the 
goal. 


A second approach was to increase the volume fraction of embedded par- 
ticles since the burner rig tests indicated the particle-rich areas of the 
coatings to be more oxidation resistant. Several methods were investigated: 

1. Conducting a duplex cycle in which the slurry coating was applied 
prior to each cycle 

2. Lowering the processing temperature but extending the processing 
time 

3. Using a lower aluminum activity pack at a lower processing tem- 
perature but for an extended processing time 

4. Using a lower processing temperature for a first cycle, followed 
by a second cycle to increase coating thickness 

The latter three methods were based on an in-house investigation on another 
program in which it was demonstrated that a reduction in coating build-up 
rate promoted the entrapment of particles. 
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Based on the above approaches, 15 coating/process modifications were 
investigated. These modifications are described in Table VIII ; several 
items in the table require clarification. In the coating designated NCll-C, 
the "c” refers to a pack mixture of intermediate rather than high aluminum 
activity which was used to reduce the rate of coating buildup, thereby 
increasing particle entrapment. The notation of "(Mod.)*' after a coating 
system indicates that a slurry of AjJgOa and chromium was applied. "VPH" 
refers to those coating cycles in which the specimens were held above the 
pack, whereas "PACK" denotes processing within the pack mixture. 

As presented in Table VIII , most of the modifications produced coating 
thicknesses in excess of 2.0 mils (SIMM) and yet some did not achieve the 
desired effects. In particular, the 1800®F (1255°K)/16-hour processing did 
not result in an increase in embedded particles. Actually, particle entrap- 
ment dropped off under this cycle. Also, attempts to increase particle 
entrapment above 25-30 volume percent by other cycle modifications were 
unsuccessful. Apparently, this level of entrapment was the maximum that 
could be achieved with the "size" of particles used in the coating slurries. 

4.2 M&PTL Burner Rig Screening 

The 15 candidate modifications were given a preliminary screening in 
three low-velocity burner rigs at 2000®F (1366®K) so that the two best modifi- 
cations could be selected for a 2000-hour cyclic test at 2000“F (1366®K). 

To expedite the screening, the severity of testing was augmented by increasing 
the frequency of cycling from once per hdur to ten times per hour. It was 
anticipated that the more severe testing would discriminate among the various 
modifications within 200-300 hours. For many of the modifications some 500 
hours of testing was needed before a decision could be made as to the two 
best systems for the final test. 

Three burner rig tests were conducted to complete the screening of the 

15 modifications. In each test series, eight paddles were tested simulta- 

neously. An NCll-A coated paddle was included for comparison purposes in two 
of the tests. A bare NASA VIA alloy paddle was run in each test to monitor 
the severity of the individual burner rigs. Dummy specimens filled out the 
balance of the test sites. The latter was coated specimens which had a tip 
section removed for metallographic examination of the as-coated structure. 
Weight change data were not recorded. 

Results from the three burner rig tests are presented in Tables IX, X, 

and XI. In tests No. 1 and No. 3, all of the coatings showed weight gains 

varying from 0.6 to 2.0 mg/cm^ , though test No. 1 was significantly more 
severe than test No. 3 on the basis of the weight loss of the bare specimen, 
which was three times as great in test No. 1 as in test No, 3, Moreover, 
at the completion of test No. 1, all of the specimens showed visual evidence 
of coating attack to various degrees in the top section of the airfoils 
whereas after Test No. 3, the coatings were intact visually. Test No. 2 
was the most severe due to the burner rig operating at metal temperatures 
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of 2050 to 2100°F (1394 - 1427®K) (cycle range) for a period of approxi- 
mately 40 hours „ This occurred between the 287- and 377-hour weigh-in 
periods « Note the severe loss in weight that occurred for all specimens 
except the NCll-A-Sl and NCll-A(Mod« )-Dl specimens. The latter actually 
gained weight during this interval. However, it had 146 hours less burner 
rig time than the other coatings, being a replacement for the R*100/C-2 
specimen. The test was terminated at 377 hours because most of the specimens 
showed signs of coating failure in the top airfoil sections. The NCll-A-Sl 
and NCll-A(Mod, )-Dl coated specimens were transferred to test No. 3 to accu- 
mulate additional test time. 

An extensive metallographic examination was conducted on all the coated 
paddles. Sections were examined from the top, center, and bottom of the air- 
foils, Because of the differences in the severity of testing, it was diffi- 
cult to assess accurately the performance on an intertest basis. However, by 
comparing sections which experienced equivalent temperatures based on surface 
oxide appearance and matrix structural changes, the NCll-A-Sl and NCll-A-Dl 
systems were selected. The selection of the former was made on its out- 
standing performance in test No, 2 under an overtemperature condition. The 
latter choice was more difficult because, in that same test, the NCll-A(Mod, )- 
D1 coating had performed equally well under the overtemperature condition 
though it had had 146 hours less test time. Overall, testing had indicated 
little difference in performance between the NCll-A and NCll-A(Mod.) coatings. 
Since the former is a simpler system, the decision was made to select NCll-A-Dl 
as the second choice. 

The condition of the selected coatings after 500 hours of burner rig 
testing is shown in Figures 17-20. In Figure 17, the leading edges at lOOX 
are presented and, in Figure 18, the trailing edges. Both leading edge and 
trailing edge coating structures at 500X are shown in Figures 19 and 20, 

Note that much of the coating of both compositions is still present, and that 
attack appears to be preferentially in the areas where the concentration of 
embedded particles is low or absent. 

4,3 Final 2000°F (1366°K) Test 

4,3,1 Preparation and Procedure 

Final testing of the selected coating modifications was conducted at 
2000°F (1366^K) for 2000 hours in two M&PTL burner rigs. A total of 20 
paddle-wheel specimens, some with EDM holes, was processed - 10 with the 
NCll-A-Sl coating and 10 with the NCll-A-Dl, Processing details are pre- 
sented in Table XII. One specimen of each of the coating modifications 
was sectioned for metallographic examination and electron microprobe analysis, 
a second specimen of each was submitted for XRD analysis. 

The testing procedure was as follows s 


25 



1. Specimen temperature was monitored optically on the leading edge at 
a point approximately 0.4 inch (1,0cm) below the tip of the air- 
foil. Optical measurements were made with the l&N and Ircon optical 
pyrometers. The latter instrument was set for an emissivity of 

0,85, Agreement between the optical and Ircon was within 10®F (5.6®K). 

2. The specimens were cycled once per hour to 900“F (755“K) or below. 

On burner rig No. 5, a temperature of 900®F (755®K) was attained 
during cooldown; and, on rig No. 4, a temperature of 875®F (748®K) 
was attained, as measured with an Ircon No, 300 series Model T. 

3. The test schedule of specimens in the burner rigs is presented in 
Table XIII. At the end of each 500-hour period, the specimens 
were photographed, and one specimen of each coating system was 
removed and replaced with a specimen of the same system. The 
test specimens were submitted for raetallographic examination, 
microprobe analysis, and XRD. 

4. Specimens were weighed at approximately 100-hour intervals. Measure- 
ment periods varied because the burner rigs operated continuously 
including the weekends. Failure criterion was 3 mg/cm®. 

5. An uncoated specimen was included with each group of test specimens 
to compare the relative severity of the two burner rigs and to indi- 
cate if the same degree of severity was maintained in the individual 
burner rigs as the testing progressed. The uncoated specimen in 
burner rig No. 5 was removed after 1500 hours and replaced with a 
standard NCll-A coating. In rig No. 4, the uncoated specimen con- 
tinued on test for the full testing period. Examination of these 
specimens provided a measure of the oxidation behavior of the un- 
coated alloy and the structural changes induced by the extended 
exposure at 2000°F (1366®K). 

4.3.2 Coating Performance 

Cumulative weight changes of the coated specimens are presented graphi- 
cally in Figures 21 and 22, and in Figure 23 for the uncoated specimens. In 
burner rig No, 5 (see Figure 21), the performance of each coating modification 
was highly reproducible, and there was only slight variation between modifi- 
cations. The specimens with the EDM holes tended to show greater weight loss 
than the solid specimens. Such behavior could be anticipated, since son® of 
the holes were only partially coated. 

Based on an airfoil surface area of 40 cm^ , weight losses after 2000 
hours on the NCll-A-Sl coated specimens were 1.15 mg/cm^ for the solid spe- 
cimen and 2.67 mg/cn^ for the one with the EDM holes. Both weight losses 
were under the 3.0 mg/cm^ failure criterion. The NCll-A-Dl coated specimens, 
both solid, had weight losses of 1,91 and 1.97 mg/cm®. 
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In burner rig No, 4 (see Figure 22), coating performance was very 
similar, though burner conditions appeared to be slightly less severe. 

Weight losses for the NCll-A-Sl coatings, both solid specimens, were 0.92 
and 1.09 mg/cm^ , while the NCll-A-Dl coated specln^n with EDM holes showed 
a loss of 1.57 mg/cm®, and the one without holes showed a loss of 0.70 
mg/cm^ . 

The slightly less severe burner conditions are reflected in the per- 
formance of the uncoated specimens during the first 1500 hours of testing, . 
Figure 23. For the first 1000 hours, the weight losses were in very close 
agreement. However, after 1000 hours there appears to be a slight diver- 
gence. This may have been the result of modification and rewiring of the 
burner rigs to incorporate additional safety controls which occurred at 
approximately 1100 hours of testing. 

Significant observations during the course of testing are recorded in 
Table XIV. The pinpoint attacks on the airfoil trailing edge tips and on 
the upper portion of the trailing edges were not unexpected. Both the 
leading and trailing edges of the paddles heat up more rapidly during the 
heat-up cycle and cool more rapidly during the cool-down cycle. The trailing 
edges, being thinner than the leading edges, overtemperature during heatup. 
Optical measurements at approximately 0.4 inch (1.0cm) below the tip regis- 
tered temperatures of 2050 - 2060®F (1394 - 1400®K). Also, under steady 
state operation, the trailing edges ran 20 - 30“F (11 - 17“K) hotter than the 
leading edges where the 2000®F (1366"K) temperature was monitored. Optical 
measurements on the leading edge at 1.0 inch (2.54cm) and 1.5 Inches (3.81cm) 
below the airfoil tip gave readings of 1970 - 1980"F (1350 - 1355®K) and 
1950 - 1960®F (1339 - 1345“K) respectively, during steady state operation. 

Under steady state operation, the temperature normally fluctuated over 
a range of 15 - 20"F (8.4 - 11.0“K). To compensate for this fluctuation, 
the temperature controller was set so that the leading edges reached a peak 
fluctuation temperature of 2005 - 2010®F (1369 - 1372°K). 

4.4 Evaluation 

4.4.1 Metallographic Examination 

The coated specimens were sectioned for metallographic examination, as 
coated and after approximately 500, 1000, 1500, and 2000 hours of testing. 
Sections were taken at 0.4, 1.0, and 1.5 inches (1.0, 2.54, and 3.81cm) 
below the airfoil tip on the solid specimens and thru the holes of the EDM- 
drilled specimens. The critical section for examination was at the 0.4-inch 
(1.0cm) level, where the 2000“F (1366®K) temperature was being monitored. 
Examination was made also of those areas that showed visual evidence of 
coating attack. The uncoated specimen was sectioned after approximately 
1500 hours of testing. 
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4*4«lal As-Coated Specimens 

The structure of the HCll-A-Sl coating, as- processed, is shown in 
Figure 24 (top) and of NCll-A-Dl in Figure 24 (bottom) at 500X magnification* 
Both coatings are 2.3 - 2»4 mils (58 - GljJM) thick, with a particle-embedment 
level of 20 -25 volume percent in the HCll-A-Dl coating and 15 - 20 volume 
percent in the NCll-A-Sl coating. Uniformity of particle entrapment was not 
achieved, as illustrated by some grains in the coatings being devoid of 
particles. However, it must be realized that only one plane through an 
individual grain is being examined - other planes may contain particles. 

Penetration of the NCll-A-Sl coating into the EDM-drilled holes is 
shown in Figure 25 at lOOX magnification* This section through a 0,020- inch 
(0,05cm) hole shows the coating at the leading edge and to a depth of 0,185 
inch (0.47cm) where an irregularity of the drilled hole occurred. There is 
little evidence of embedded particles in the coating within the holes. The 
NCll-A-Dl coating, not shown, was not significantly different. 

4,4. 1.2 After 2000®F (1366°K)/500 Hours 

The two specimens removed after ~ 500 hours were an NCll-A-Sl-coated 
solid specimen from burner rig No* 5 and an NCll-A-Dl- coated specimen with 
EDM holes from burner rig No. 4. Weight gains were 0.44 and 0,40 mg/cn^ , 
respectively. Figure 26 (top) shows the NCll-A-Sl leading edge section to 
have sustained little or no coating degradation. Some aluminum depletion 
has occurred as indicated by the presence of the "white” phase in the coating 
(subsequently identified to be gamma) . This is confirmed by microprobe 
analysis in a subsequent section. Coating- thickness measurements reveal 
a growth in thickness of about 0,4 mil (10 |jM), On the trailing edge, Figure 
26 (bottom), some degradation has occurred and the amount of "white" phase 
has reached a significant level. One area, Figure 27, shows oxidation attack 
into the diffusion zone. This is from the area where a pinpoint attack was 
observed and is attributed to the overtemperature during heatup. 

The leading and trailing edges of the NCll-A-Dl-coated specimen. Figure 
28, reveal less effect of the 500- hour exposure, especially on the trailing 
edge. In both cases, "white" phase transformation was less pronounced. How- 
ever, this specimen also had a pinpoint attack on the airfoil tip near the 
trailing edge. Figure 29. It appeared to be associated with a defect at the 
parting line of the casting, though this section also overtemperatures 
during heatup in the burner rig. Examination of a section through the 0.020- 
inch (0.05cm) EDM hole. Figure 30, indicated that the coating had penetrated 
to nearly the full depth of the hole (0.234 inch (0,59cm) versus 0.250 inch 
(0,64cm)), Though there is little evidence of particle entrapment at the 
entrance section of the hole. Figure 30 (top), there appears to be a signi- 
ficant amount near the exit of the hole. Where no coating was present, a 
considerable amount of alloy depletion and scaling took place. 
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4,4. 1,3 After 2000®F (1366°K)/1000 Hours 


At the 1000- hour test point, both of the specimens removed had EDM-- 
drilled holes (an NCll-A-Sl coating from burner rig No. 4 and an NCll-A-Dl 
coating from burner rig No. 5, after 995 and 1013 hours, respectively). 
Corresponding weight changes were -0.04 and +0.19 mg/cm^ . The NCll-A-Sl 
coating on the leading and trailing edges. Figure 31, had undergone a con- 
siderable change. More than 50 percent of the outer coating layer had trans- 
formed to the "white** phase on the leading edge and about 90 percent on the 
trailing edge. The concentration of oxide particles has decreased. However, 
there has been little reduction in thickness of the outer coating layer. 

In contrast, the NC11«"A-D1 coating. Figure 32, had fully transformed to 
the ’white" phase, both at the leading edge, Figure 32 - top, and the trailing 
edge, Figure 32 - bottom. Attack of the leading edge coating is evident, 
though there has been little reduction in outer layer thickness. On the other 
hand, significant attack has occurred at the trailing edge, and the outer layer 
has been materially reduced. A local trailing edge area, where the attack has 
penetrated the coating, is shown in Figure 33 at lOOX magnification. This 
represents one of the pinpoint attack areas previously mentioned. 

The condition of the coated EDM holes is shown in the next group of 
Figures, 34-36. For each of the holes (0.012, 0.020, and 0.040 inch) (0.03, 
0.051, and 0.10cm), the leading edge section and the section at maximum depth 
of coating protection are illustrated. In the 0,012-inch (0.03cm) hole 
(Figure 37), the NCll-A-Sl coating had penetrated to a depth of 0.168 inch 
(0.43cm) and was essentially intact over that distance. Virtually all of 
the coating had transformed to the "white" phase. Where the hole was uncoated, 
gross scaling and alloy depletion occurred. Coating protection extended to 
a depth of 0.200 inch (0.51cm) in the 0,020-inch (0.05cm) hole. Figure 35. 

The coating appears to be in much the same condition as that in the 0.012-inch 
(0,03-cm) hole. Since the 0.012-inch (0,03-cm) hole is 1/4 inch (0.64cm) below 
the tip, and the 0.020-inch (0.05 cm) hole, 7/16 inch (1.1cm), both would 
experience essentially the same exposure. Coating in the 0.040-inch (0.10cm) 
hole penetrated the full depth, 0.250 (0.64cm) inch (Figure 36), though little 
coating remains at the extreme depth. Still, there is no evidence of oxidation 
attack or alloy depletion. There has been less transformation to the "white" 
phase. The NCll-A-Dl coating performance in the EDM holes was virtually the 
same as the NCll-A-Sl, except that the depth of penetration was 0,020 - 0,030 
inch (0.05 - 0.076cra) less. 

4. 4. 1.4 After 2000^F (1366°K)/1500 Hours 

After 1483 hours, an EDM-drilled specimen with the NCll-A-Sl coating was 
removed from burner rig No. 5; and, after 1495 hours, a solid specimen with 
the NCll-A-Dl coating was removed from burner rig No. 4, Weight losses were 
1.31 and 0.52 mgs/cm^ , respectively. The uncoated specimen from burner rig 
No, 5 was also removed. It had lost 252 mgs or 6.3 mgs/cm^ , 
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The condition of the NCll-A-Sl coating from a section through the 0,012- 
inch (0,03cm) hole is shown in Figure 37 for both the leading and trailing 
edges at 500X, Considerable degradation of the other layer of the coating 
had occurred at the edge of the hole. Figure 37 - top, while at the trailing 
edge. Figure 37 - bottom, most of the outer coating layer was still intact 
though reduced in thickness. There was only partial transformation to the 
"white" phase. A lOOX magnification of the leading edge section at the 0. 012- 
inch (0.03-cm) and 0. 020-inch (0.05cm) holes (Figure 38) shows the coating 
to be intact in areas adjacent to the holes. 

The uncoated specimen, which was removed from burner rig No. 5 at the 
same time as the NCll-A-Sl specimen, illustrates the extent of metal loss 
and alloy depletion at the trailing edge, 0.4 inch (1.0cm) below the tip. 
Figure 39 - top, and 1.5 inches (3,8cm) below the tip. Figure 39 - bottom. 

The extent of alloy depletion at the corresponding leading edge sections. 
Figure 40, was significantly lower, indicating that the very tip of the 
lower trailing edge experienced approximately the same temperature as the 
top leading edge section. 

The NCll-A-Dl coating after 1495 hours showed some degradation in local 
areas of the leading edge, Figure 41 - top, but confined only to the upper 
portion of the outer coating layer. At the trailing edge, the degradation 
was more severe, progressing well into the inner diffusion zone. Figure 41 - 
bottom. The rounded appearance of some of the void areas would indicate that 
melting had taken place at some point during testing. Overall, the coating 
was still protective as illustrated in a lOOX view of the trailing edge. 
Figure 42. 


4.4. 1.5 After 2000*F (1366®K)/2000 Hours 

At the conclusion of the 2000-hour test in burner rig No. 5, one speci- 
men of each coating system which had logged 2000 hours was sectioned for 
metallographic examination. Weight losses on these specimens were 1.15 mgs/ 
cm® for the NCll-A-Sl coating and 1.9 mgs/cm® for the NCll-A-Dl. Both were 
solid specimens. Sections were taken at 0.4, 1.0, and 1.5 inches (1.0, 2.54, 
and 3.81cm) below the airfoil tip. Examination was made around the periphery 
of each section; photomicrographs were taken of the leading and trailing 
edges of each cross section at lOOX magnification and of the leading edge, 
trailing edge, and center convex sections at 500X magnifipation (Figure 43 - 
52). 


The trailing edge views of the NCll-A-Sl coating are shown in Figure 43 
at lOOX. Only the section at the 0.4-inch (1.0cm) location shows a small 
local coating breakthrough. Figure 43 - top; the coating was still providing 
protection at the other locations. Figure 43 - center and bottom. The cor- 
responding leading edge sections all appear to be intact. Figure 44. At 
higher magnification (500X), a continuous "gray" phase is seen along the 
surface of the leading and trailing edge sections and scattered islands of 
the same phase in the region below. Figure 45 - top and bottom. Analysis 
of this layer will be discussed under the electron microprobe sections 
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4.4. 2*1 and 4*4*2*2* In the convex center section, Figure 45 - center, the 
coating is virtually intact with a high concentration of oxide particles 
still evident* At the 1* 0-inch (2*54-cm) level. Figure 46 - top, much of 
the coating at the leading edge is still intact with many oxide particles 
still present, but voids have formed in the inner diffusion zone* In the 
center convex section. Figure 46 - center, the coating is virtually intact, 
though much of the outer layer has transformed to the ’*white’^ phase. The 
trailing edge section, Figure 46 - bottom, appears to have the same continu- 
ous **gray*' layer as was observed at the 0* 4-inch (1,0-cm) level. At the 
1.5-inch (3.81-cm) level. Figure 47, the coating is intact at all three 
sections with little reduction in thickness of the outer coating layer* 

Again, we see the darker phase where the oxide particles are more con- 
centrated, Figure 47 - center. 

On the NCll-A-Dl coating, Figures 48 and 49, there were some pinpoint 
coating penetrations on both the leading and trailing edges, which would 
account for the greater weight loss that this specimen experienced. At 
500X magnification, Figure 50, the 0.4-inch (1,0-cm) level shows thicker 
layers of the "gray” phase noted in Figure 45 and severe degradation of the 
coating in the center convex section. Figure 50 - center. At the 1,0-inch 
(2*54-cm) level, Figure 51, only the trailing edge section shows the con- 
tinuous "gray" phase, the coating being intact at the leading edge and 
center convex sections. The appearance of the coating at the 1,5-inch 
(3.8-cm) level. Figure 52, is very similar to that at the 1.0-inch (2.54-cm) 
level. 

Overall, both the NCll-A-Sl and NCll-A-Dl coatings were highly success- 
ful in providing protection to the NASA VIA alloy. Exposure temperature 
appears to be very critical as shown by the marked difference in coating 
behavior near the tip area where the temperature was 2000®F (1366°K) and 
above and the root section which experienced 40-50^F (22-28®K) lower tem- 
peratures, The coatings remained fully intact after 2000 hours in the 
latter areas. Though the evidence is not conclusive, it would appear that 
the oxide particles prolong coating life. 

4.4.2 Electron Microprobe Analysis 

Electron microprobe analysis was made on the coatings at the convex 
leading edge section, 0.4 inch (1.0cm) below the tip and approximately 1/8 
inch (0.32cm) back. Analysis was made of the as-coated condition and after 
testing intervals of approximately 500 hours. The as-coated, 500- and 1000- 
hour specimens were scanned for the principal elements Cr, Ni , Ta, W, 

and Ti); the 1500- and 2000-hour specimens, for kl and Cr only. Elemental 
traces were made only for kl and Cr. 

4 . 4. 2* 1 Elemental Scans 

The elemental scans are shown in Appendix D, Figures D-1 to D-10, Though 
Ti scans were made, they are not presented in the figures because of titanium’s 
low concentration in the alloy and in the coating. It tended to segregate at 
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the interface of the outer coating and the inner diffusion zone. It was also 
observed to segregate where Ta and W were present. Both Ta and W were found 
to be highly segregated in the inner diffusion zone of the coating and in the 
matrix, Figures D-1 and D-2. This concentration of W and Ta at the same sites 
intensified with increased exposure time, Figures D-3 to D-6. The signifi- 
cant changes with time were in the aluminum and chromium concentrations. 

In the as-coated condition, the aluminum level was high in the outer 
coating layer, falling rapidly through the inner diffusion zone to a uniform 
level in the matrix. Figures D-1 and D-2. After 500 hours, the aluminum 
level dropped in the outer coating layer, and that of the inner diffusion 
zone leveled off with the matrix. Figures D-3 and D-4. At 1000 hours, a 
very high aluminum level at the surface is seen, indicative of oxide for- 
mation, Figures D-5 and D-6. In some areas of the outer coating layer, 
the concentration appears to be at base material level, 5-6 W/0, indicating 
transformation of the NiAj0 phase to gamma. After 1500 hours, the depletion 
of aluminum in the outer coating layer becomes more pronounced. Figures D-7 
and D-8 - left center. These areas correspond with the "gray” phase as 
shown optically in Figure 37 after 1500 hours and in Figure 45, top and 
bottom, after 2000 hours. A trace at the center of the convex surface, 
however, shows the aluminum level to be still high. An additional 500- 
hour exposure did not produce significant change. Figures D-9 and D-10. 

Chromium levels as- processed and after exposure were the same for the 
two coating systems. As-processed, there was an increase of chromium in 
the inner diffusion zone and a sharp gradient drop to the surface. Figures 
D-1 and D-2. After 500 hours exposure, the concentration in the outer 
coating layer leveled off with that of the matrix. Figures D-3 and D-4, 
with some tendency to segregate. After 1000 hours, the segregation became 
more pronounced, but the concentration in the coating remained at the same 
level. Figures D-5 and D-6, The same condition persisted after 1500 hours, 
but there was also evidence of increased chromium in the surface scale. 

Figures D-7 and D-8. After an additional 500 hours, there is further 
chromium concentration at the surface and in islands below the surface 
corresponding to the "gray" phase areas observed optically in Figure 50, 
top. 


4. 4. 2. 2 Elemental Traces 

The elemental traces for aluminum and chromium illustrate more defini- 
tively the concentration levels in the coating and matrix. Since the dis- 
tribution of the oxide particles was not uniform, traces were made in areas 
where the particle volume fraction was high and where it was low or void of 
particles. The path of the electron microprobe beam was directed into the 
different areas of interest, in order that areas with and without particles 
be fully distinguished. Beginning with the NCll-A-Sl coating. Figure D-11, 
aluminum levels of 40 - 50 percent were recorded in the particle-rich areas 
and of 20 - 25 percent in the particle-free areas. The latter would appro- 
ximate closely the actual aluminum level in the individual grains, indicative 


32 



of a NiAj6 composition. Chromium varied from 12 to 15 percent in the inner 
diffusion zone and dropped to 2-3 percent at the coating surface. The 
initial 500- hour exposure dropped the aluminum level drastically, down to 
20 - 25 percent in the particle-rich areas, and as low as 8 - 10 percent 
in a particle- free area that had transformed to the **white” phase indicative 
of gamma. Figure D-12« After 1000 hours, there was a further loss of alumi- 
num down to 15 percent in the particle- rich areas and only 8 percent where 
the transformation to the *Vhite” phase had occurred. In the latter case, 
the high kJL concentration at the surface indicates Aj^gOs or NiAi 204 scale 
formation. For a more precise analysis of aluminum concentration, a number 
of spot point count measurements was made on individual grains of both the 


"white" and "dark" phases, with and without 
NCll-A-Dl are summarized as follows: 

particles. 

These results 

Coating Section 

Appearance 

Average 

Counts 

Percent 

Aluminum 

Outer Layer 
Inside Hole 

White-No Particles 

730 

-- 6.5 

Outer Layer 
Convex Surface 

White-No Particles 

800 

- 7.0 

Outer Layer 
Convex Surface 

Dark-No Particles 

1650 

'--14.0 

Outer Layer 
Convex Surface 

Whi te-Par t ic le s 

1680 

-14.0 

Outer Layer 
Convex Surface 

Dark- Particles 

2900 

-24.0 


Apparently, the oxide particles affected the count even though efforts were 
made to manipulate the probe in areas between particles. The results con- 
firm the "white” phase to be gamma and the "dark” phase to be predominantly 
ganuna prime, NiaAj^. At 1500 hours, the aluminum level dropped to that of 
the matrix. An additional 500 hours of exposure produced oxidation within 
the coating, as evidenced by the very high aluminum peak. Figure D-12, far 
right . 

The changes in chromium were less drastic. Figure D-13, but of signifi- 
cant interest. In the particle-rich areas, the chromium had leveled off 
after 500 hours exposure at approximately 8 percent, while a particle-free 
grain contained about 6 percent. Figure D-13 - lower left. With an addi- 
tional 500 hours, the chromium level in the outer coating layer remained 
about the same and then dropped to about 5 percent after 1500 hours. In 
all cases, it remained high at the original inner diffusion zone/matrix 
interface, holding at about 15 percent. Little further change occurred 
after 2000 hours except for a chromium concentration at the surface indi- 
cating its presence in the surface scale. 
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The behavior of the NCll-A-Dl coating was not significantly different. 
Figures D-14 through D-16. In the as-coated condition, Figure D-14, the 
aluminum concentration across the outer coating layer was flatter than in 
the NCll-A-Sl in the particle-rich areas. Chromium concentration, though, 
was nearly Identical in pattern. After 500 hours exposure. Figure D-15, 
the aluminum level in the particle-rich area was somewhat higher (25 - 35 
percent); it was also higher in the particle-free zone (~ 18 percent). 

This higher aluminum persisted through the 1500-hour exposure, the two 
levels becoming equivalent at the 2000- hour exposure. At 1500 hours, a 
trace through the center convex section (where the coating was fully intact) 
showed a significantly higher aluminum concentration. Figure D-15 - right, 
center. The chromiiun traces followed the same pattern as those for NCll-A-Sl 
in the outer coating layer and inner diffusion zone. However, as the matrix 
structure coarsened during exposure, the chromium became more and more seg- 
regated, as reflected by the numerous spikes in the 1500- and 2000-hour 
specimens. 

4.4.3 X-Ray Diffraction Analysis 

X-ray diffraction patterns. Table XXV, were made on the convex side of 
the paddle airfoil approximately 1/2 inch (1.27cm) below the top of the 
paddle. Both final systems (NCll-A-Sl and NCll-A-Dl) were evaluated as- 
coated and after 500- , 1000- , 1500-, and 2000-hour exposures. In addition, 
the oxide layer was removed from the tested paddles by vapor honing with 
the underlying surface then being subjected to X-ray diffraction analysis. 

4.4.3. 1 Phase Identification 

In the as-coated condition, See Table XV, only NiAjJ and aAfgOs patterns 
were obtained for both coatings, the.NiAX corresponding to the aluminum 
in the particle-free areas. After 500 hours, as-exposed, patterns for NisAji, 
CcA^CgOs , and N 1 A; 2 b 04 were obtained, the latter phase being relatively weak. 
After removal of the scale, by vapor honing only NisA^ and OAXgOa , patterns 
were found. There was no evidence of residual NiA^. The same patterns were 
obtained after 1000, 1500, and 2000 hours plus lines indicative of the gamma 
phase. In the as-exposed condition, the intensity of the NiAis 04 phase 
increased with increasing exposure time. This was noted visually during 
testing by the gradual increase in the blue-colored scale formation with 
increasing test time. 

Since the X-ray patterns for NisA^ and gamma are very similar, the 
presence of NisA.^ can only be confirmed by one of the superlattice lines 
which coincides with one of the AigOa lines. Therefore, in Table XV, NiaAX 
and gamma are listed together. However, based on the aluminum content from 
the electron microprobe analysis, gamma can be presumed to be the predominant 
phase present after the 1500- and 2000- hour exposures. 
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4,4.4 Effect of Coatings on Mechanical Properties 


The mechanical properties evaluated for the effects of coatings were 
tensile strength, ultimate and yield, elongation, reduction of area, and 
stress rupture. Tensile testing was conducted at 1400®F (1033°K) and 
1800®F (1255®K), Stress rupture was performed at 1800®F (1255®K) at a 
stress level of 29,000 psi (199.9X10® nt/m^); test results are presented 
in Tables XVI and XVII, respectively. 

Since only two specimens of each coating were tested in each condition, 
definitive conclusions could not be made. From the limited data, it would 
appear that the coatings do not degrade the mechanical properties nor affect 
the ductility. 

4,5 Summary of Results - Task II 

Fifteen coating process modifications were investigated to increase 
coating thickness and volume fraction of entrapped particles. In all cases, 
a thickness of 1,9 rails (48MM) or higher was achieved in a single-cycle VPH 
process of 4 hours at 2000®F (1366®K) or above and of a two-cycle VPH 
process of 4 hours each at 1925‘^F (1324‘^K). An 1800^F (1255*'K)/16-hour 
cycle and a two-cycle process of 2 hours at 1900°F (1311®K) followed by 
2 hours at 2000®F (1366®K) yielded thicknesses of 1.7 - 1.8 mils (43 - 47|JM) . 
All of the modifications involving processing in the pack mixture produced 
thicknesses of 2.1 mils (53MM) or above. Highest volume functions of em- 
bedded oxide particles, 25-307o, were obtained with the two-cycle VPH and 
in- pack processes. Poorest particle embedment was with the 1800°F (1255°K)/ 
16- hour treatments. 

Burner rig screening of the coatings produced by the above processing 
modifications resulted in the selection of a single-coating cycle of 2000°F 
(1366®K)/4 hours, and a double-coating cycle of 1925®F (1324®K)/4 hours each. 
For the screening test, the former (NCll-A-Sl) produced a coating thickness 
of 1.9 mils (48|JM) with a oxide particle volume function of ^ 10% and the 
latter (NCll-A-Dl) 2,3 mils (58[JM), with a volume function of particle of 
- 25%, Table XVIII. 

In processing the first groups of paddle specimens for the 2000-hour 
burner rig tests, thicker coatings [2.3 - 2.4 mils (58 - 61[JM)] were pro- 
duced by both processes with volume fractions of embedded particles of 
15 - 20 and 20 - 25 percent for NCll-A-Sl and NCll-A-Dl, respectively. 

Figure 30. Greater thicknesses were also reflected in coating weight 
gains above 6.0 mg/cm^ , Table XXII. 

In subsequent coating runs, KZ and HZ-IZ, there was a significant drop 
in weight gain with a corresponding decrease in coating tnickness, A satis- 
factory explanation for this drop could not be established. Consequently, 
the latter specimens were only used as replacements in the test program. 
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However their performance for comparable test periods did not appear to be 
appreciably different from that of the thicker coatings. 

The throwing power of the two coating cycles was demonstrated on the 
specimens with the EIM holes. Coatings were produced to a depth of ~ 0.170 
inch (4.2MM) in the 0.012-inch (0.3-MM) diameter holes, ~ 0.200 inch (5.0MM) 
in the 0.020-inch (0.5-MM) diameter holes, and the full 0.250-inch depth in 
the 0.040-inch (1.0-|JM) diameter holes. The number of test specimens was too 
limited to determine significant coating depth^^^ difference between the two 
processes. 

Both coating modifications satisfactorily passed the 2000-hour cycle tests 
at 2000®F (1366°K), cycling once per hour to 900®F (755®K) or below. Weight 
losses were well below the 3 mg/cn^ criterion. Some specimens showed isolated 
localized attack down to the substrate in areas which tended to overtemperature 
during the heat-up cycle in the burner rig. The specimens with the EDM holes 
showed greater weight losses than the solid ones. This was not unexpected, 
since the smaller-diameter holes were not fully coated. 

During the initial phase of the testing, the weight increase was parabolic, 
reaching a plateau between 500 and 800 hours. With continued exposure, there 
was a gradual loss in weight to between 1200 and 1500 hours where a net loss 
was experienced. Weight loss then increased at an accelerated rate for the 
balance of the test. Coating behavior followed a fairly definite pattern. 

During the initial period of continuous weight gain, the coating surfaces 
were dull gray with blue areas beginning to appear after 500-800 hours. 

The bluish areas were confined to the upper airfoil section, in particular 
at the leading and trailing edges where somewhat higher temperatures were 
experienced. The bluish areas tended to increase as the specimens began 
to lose weight and became more pronounced as the weight loss accelerated. 

Metallographic examination, microprobe analysis, and X-ray diffraction 
at 500-hour intervals revealed the corresponding structural and composi- 
tional changes that had occurred. During the first 500- hour period, the 
protective oxide film was predominately oAfsOa with minor amounts of NiAig 04 . 
All of the outer coating had transformed from NiAf to NiaAf. After 1000 hours. 
Increasing amounts of NiAX 204 were present in the scale and some of the NisAf 
has degenerated to Y- After 1500 hours, little or no NiaAf could be detected 
in the coating, and the oxide film had become predominately NiAf 204 . 

Transformations also occurred in the structure and composition of the 
substrate material adjacent to the coating. The first 500 hours of exposure 
produced pronounced segregation of tantalum and tungsten in the same areas. 

A corresponding segregation of chromium became evident after 1500 hours and 
increased in concentration after 2000 hours. The segregation of chromium 
appeared to coincide with the coarsening of the grain structure. Aluminum 
diffusion from the coating into the substrate apparently was minor, there 
being little evidence of an increase in the aluminiun level. 
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The above transformations had little effect on the mechanical properties. 
Tensile tests at 1400®F (1033°K) and 1800®F (1255®K) and stress- rupture tests 
at ISOO^F (1255®K) showed little or no effect for either coating. 
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SECTION 5.0 


DISCUSSION 


This investigation identified an aluminide coating composition, NCll-A, 
for NASA VIA alloy, that met the goals of a 2000-hour life at 2000®F (ISSS^K) 
under low-velocity cyclic conditions and an 800-hour life at 2000*F (1366°K) 
under high-velocity cyclic conditions. The latter was a projected life based 
on the intact condition of the coating in the area where the 2000“F (ISSe^K) 
temperature was being maintained when the test was terminated (after 662 hours, 
due to a localized overtemperature condition) . Two processing cycles were 
developed that produced coatings of equivalent performance: a single-cycle 

of 2000“F (1366®K) for four hours (NCll-A-Sl) and a two-cycle process of 
1925®F (1322°K) for four hours each (NCll-A-Dl). These processes produced 
coating thicknesses of 2.0 - 2.5 mils (51 - 65MM) and volume fractions of 
embedded Aj^Oa particles of 15-25 percent; the higher volume fractions were 
achieved with the two-cycle process. In both processes, the coating was 
produced by vapor phase deposition above the pack mixture to simulate the 
coating of hardware containing small cooling holes which could become plugged 
if the part were submerged in the pack mixture. The throwing power of the 
processes was demonstrated, in that EDM holes of 0.012-inch (0.03-cm) dia- 
meter were effectively protected to a depth of 0.170 inch (0.43cm), 0.020- 
inch (0.05-cm) diameter holes were effectively protected to a depth of 0.200 
inch (0.51cm), and 0,040-inch (0.10-cm) diameter holes were effectively 
protected to a depth of 0.250 inch (0.64cm). 

The above coatings were the culmination of a series of studies to improve 
an in- house-developed aluminide coating incorporating a dispersion of A- 62 O 3 
and Ti 02 particles (CX)DEP C-2) by; (1) substituting other reactive metal 
oxide particles as dispersoids, ( 2 ) increasing the aluminum level of the 
coating, and (3) increasing the chromium level. 

Of basic interest was the role of oxide particles in benefitting coating 
life. As discussed in the INTRODUCTION, it had been postulated that oxidation 
behavior may be structure sensitive with the fine-grained structure produced 
by the AJLsOq particles in CODEP C-2 being more resistant to attack than the 
coarse-grained structure obtained in the absence of particles. These 
studies generated no support for this concept. The other reactive metal 
oxides, Y 2 O 3 , La 20 s , and Th 02 all promoted grain refinement, but the resul- 
tant coatings were all short lived. In the case of La 20 s , it was found that 
the fluoride activator used in the coating process reduced the La 20 a to LaFs. 
As an embedded particle, the fluoride proved very detrimental to oxidation 
resistance and resulted in premature failure. On the other hand, where the 
coating structure was refined by the aluminum oxide particles, a relatively 
short time exposure at elevated temperature produced grain growth, thus ne- 
gating possible beneficial effects of a fine-grained structure. The negative 
results with Y 2 O 3 and ThOa could not be explained, particularly the ThOa , 
which yielded the highest volume fraction of particle embedment. 
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The addition of MnO along with the other oxide particles to improve oxide 
scale adherence did not prove successful. During processing, the MnO was 
reduced by the hydrogen and the fluoride activator, causing the slurry coating 
to sinter to the surface and preventing the transfer of manganese to the 
coating. Thus, the anticipated beneficial effect of manganese could not be 
evaluated. 

Chromium enrichment by codeposition from a pack mixture containing Cr-A^ 
alloy powder failed to produce satisfactory coatings. Only the chromium par- 
ticle embedment process resulted in a high performance coating, NC4-Cr, 

Though the improvement can be attributed to the actual embedment of chromium 
particles, it is also highly probable that some chromizing occurred simulta- 
neously during the coating process from chromium particles in the slurry 
coating. The beneficial effect of chromium would be in the NiCr 204 spinel 
formed on exposure. One problem with the NC4-Cr coating was the lack of con- 
sistency in results, an indication that further development effort was needed 
to improve coating uniformity. 

The best performance improvement was achieved by aluminum enrichment com- 
bined with a very fine dispersoid of Aj 02 O 3 particles, NCll-A, Whereas the 
oxide particles in the baseline CODEP C-2 coating were 2-10|JM in size, those 
in the NCll-A coating were 2\M or finer. In areas where these particles 
reached a concentration of 20-25% in the outer coating layer, the overall 
aluminum level rose above 40%, reducing the corresponding nickel concentra- 
tion. The diffusion of chromium and other elements from the substrate also 
contribute to a lower nickel concentration. The lower nickel concentration 
appeared to be a factor in longer coating life. Since the activity of an 
element is directly related to its concentration, a low-nickel and high- 
aluminum concentration formation of AJ 62 O 3 at elevated temperature will pre- 
dominate, NiO or NiAi 204 will only begin to form when the aluminum has 
dropped below a certain critical level, ^ 14.0%. This is readily observed 
in the bottom views of Figures 16, 19, and 20, which show attack in areas 
that are devoid of particles, whereas the particle-rich areas are intact. 

An earlier stage of aluminum depletion is seen in Figure 28, in which only 
a small transformation to gamma (white phase) has occurred where the oxide 
particle concentration is high. Figure 28 - top, in contrast with the more 
extensive transformation, Figure 28 - bottom, where the particles are less 
concentrated. 

In addition to their influence on elemental activity, the AjKgOa particles 
appear to fulfill several other roles in prolonging coating life. The par- 
ticles tend to be more concentrated near the surface than uniform! ly dis- 
tributed throughout the outer layer. Thus, an intermittent oxide layer is 
already present prior to exposure. Consequently, less aluminum is needed to 
maintain the protective surface oxide film. The oxide film that first forms 
is highly adherent and appears to be anchored by the oxide particles. During 
the first 500 hours of exposure at 2000®F (1366®K), there was no observable 
evidence of oxide spalling. Only with the formation of the NiAjfe 04 spinel, 
which began after approximately 500 hours, did the first evidence of spalling 
appear. Apparently, the particles were less effective in anchoring the 
MiAf 204 spinel. 
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The subsequent stages of coating transformation are less clearly under- 
stood. Here the role of chromium may have increased significance. In the 
as-processed condition, the chromium concentration in the outer coating 
layer of the NCll-A-Sl coating varied from 2-3% at the surface to about 9% 
at the outer coating layer/inner diffusion zone interface. Figure D-11. 

Within the inner diffusion zone, the concentration varied from 12-14%, 

After 500 hours of 2000“F (1366®K) exposure, the chromium concentration 
in the outer coating layer leveled out at between 8 and 9%, Figure D-12, 
and after 1000 hours experienced a slight drop to between 7 and 8%. During 
the same period, the aluminum level had dropped to about 14% in the AfgOs 
particle-rich areas and approximately 7% in the particle-free areas. In 
spite of the low aluminum level in the latter case, oxidation resistance 
was still very high. Apparently, a highly-oxidation-resistant, gamma-type 
alloy had formed. In a recent study on the behavior of nickel-base super- 
alloys by Kvernes and Kofstad^^®^ , a nickel - (9%)Cr - (6%)Ai alloy was 
found to have exceptional oxidation resistance at 1200® and 1300®C (1473® and 
1573®K). This composition is very close to that observed above. 

Subsequent exposure for 1500 and 2000 hours produced a continuous gray 
surface layer and islands of the same phase within the residual coating. 
Figures 45, 50, 51 - bottom, and 54 - bottom. The original outer coating 
layer is no longer evident, and only the inner diffusion zone remains. Alu- 
minum and chromium in these areas remain at 6-7%, constituting a gamma com- 
position that is unusually oxidation resistant. 

The performance of the coatings in the EDM holes warrants comparison 
with that of the exterior coating. These internal coatings were essentially 
free of embedded oxide particles, yet their performance was very similar to 
the exterior coatings. This would be due, in part, to oxidizing conditions 
within the holes more nearly approaching those under static conditions) since 
the coatings were not exposed directly to the alternate hot gas and cooling 
air impingement during the burner rig heating and cooling cycle. Moreover, 
heating and cooling rates within the holes would be slower than on the 
exterior surface, and the actual cyclic temperature range would be lower, 
thereby reducing thermal shock. Consequently, there would be less tendency 
for the protection oxide film to spall and degrade. 

The processes, as-developed, are directly applicable to turbine blades 
and vanes incorporating cooling holes and internal passages. In current and 
advanced configurations of these components, cooling holes normally do not 
extend more than 0.150 inch (0.38cm) deep, though depths up to 0.250 inch 
(0.63cm) may be encountered in some applications. Retention of hole dimension 
is critical to the successful operation of air-cooled hardware. Thus, these 
processes afford protective coatings in dimensionally critical areas. 

In assessing the future possibilities of the NCll-A coating, one must 
bear in mind that this investigation covered primarily the oxidation behavior 
of the coating and very limited mechanical property effects. Much more must 
be known before engine evaluation would be warranted. The coating performance 
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in a hot~corrosion environment is a first consideration « Behavior under 
thermal shock must be established* Additional high-velocity burner rig 
testing is needed as well as an extensive mechanical properties effects 
study. Further processing studies should be conducted to demonstrate coating 
reproducibility and particle distribution uniformity. 
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SECTION 6.0 


CONCLUSIONS 


1. An improved aluminide coating, NCll-A, was developed for NASA VIA alloy 
with a projected protective life of 800 hours at 2000“F (1366®K) under 
high-velocity cyclic testing and 2000 hours at 2000®F (1366®K) under low- 
velocity cyclic testing. 

2. Two processing cycles were developed for NCll-A that yielded essentially 
equivalent performance, a single cycle of 2000“F (1366®K) for four hours 
and a double cycle of 1925“F (1322®K) for four hours each. 

3. Coating performance of the NCll-A coating was at least double that of the 
baseline CODEP C-2 coating which outperformed the reference coating, 

CODEP C-2, on IN 100. 

4. Oxide particles, other than A^Os , were not beneficial as dispersoids in 
the coating but were actually detrimental. Ultra-fine AfgOs , = 2(JM, at 
volume fractions of 15-25%, contributed to increased coating life. 

5. Aluminum enrichment of the coating was definitely beneficial through the 
formation of hyperstoichiometric NiAj^ in the presence of AigOa particles, 
which retarded the conversion to NigAji during elevated-temperature expo- 
sure. 

6. Good performance was achieved through chromium enrichment with dispersed 
chromium particles although reproducibility was not consistent. Chromium 
enrichment by codeposition from Cr-Aj0 alloy powder was not successful. 

7. Testing in the high-velocity burner rig at EPPI was lJ-2 times more severe 
than testing in the low- velocity burner rig at MSsPTL. 

8. Mechanical properties, tensile and stress-rupture, are not appreciably 
affected by the improved aluminide coatings. 
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Table I« Improved Aluminide Coating Compositions. 
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(1) Major metallic deposited is aluminum with titanium deposited in trace amounts only, 

(2) Weight percent of slurry applied prior to embedment. 

(3) Three chromium and aluminum concentrations; 75/25, 85/15, and 75/25 weight percents, respectively 




Table II, Coating Characteristics 
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of particles were determined by the point intercept method 




Table III* EPPI Burner Rig Test No* 1 Results Temperature 2000®F(1366®K) , Mach 0*5 Fuel JP-5* 
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NASA VIA - Uncoated 1 201 0.162 Severe attack - lower T.E.; general attack balance 

2 201 0.177 Severe attack - lower T*E. ; general attack balance 



























Table IV. 


Burner Rig-Screening Test - 2000'’F(1366®K) 


System 


Weight Change (CM) at Indicated Hours' 


NASA VI A/C- 2 


RlOO/C-2 


NCl-Y 


NC4-Cr 


NC5-Y 


NC6-T 


NC9-Cr 


NClO-Cr 


NCll-A 


NC12-Y 


NC13-T 


NC14-L 


+0.0142 


+0.0179 


-0.1153 


-0.2077 


+0.0026 


+0.0287 


-0.1797 


- 0.0001 


+0.0138 


-0.2262(2) 


- 0 . 3637 ( 2 ^ 


-0.4731 


+0.0051 


+0.0249 


+0.001 


-0.0077 


■0.0747 


Failed - Severe Oxidation 


Failed - Oxidation Accompanied by 
Spalling I 


+0.0017 


+0.0079 


■0.0005 


-0.0315 


-0.2017 Failed - Spalling 


-0.0648 


-0.1287 


■0.0035 -0.0579(2) 


Failed - Oxidation 


Failed - Completely Spalled Coating Layer 


Failed - 


Failed - 


+0.0153 


Completely Spalled Coating Layer 


Completely Spalled Coating Layer 


+0.0173 


+0.0139 


+0.0140 


-0.0191' 


-0.2164 Failed - Oxidation & Spalling 


Failed - Oxidation Accompanied by Spalling 


-0.0948 


(1) Hours are approximate - Specimens were included in 3 separate tests 

(2) Tunnel overtemperature, 2130°F(1439®K) 















































































































Table VI. Microprobe Results As-Coated Specimens. 
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Table VII* X-Ray Fluorescence Analysis^ of Coated and Uncoated NASA VIA Alloy* 
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Table IX. Test No. 1, Coating Optimization Cyclic Dynamic Oxidation, 2000‘*F(1366°K)/10 Cycles/ 
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Table X, Test No* 2, Coating Refinement Cyclic Dynamic Oxidation, 2000®F(1355®K)/10 Cycles/Hour, 










r\ 




















'd 

















0 

X 


0 

X 













m 



p 



u 







u 







¥ 



p 

» 


u 

9 






o 







u 

Ti 

73 

0 

0 

73 

0 

o 



73 




2 






ai 

0 

0 


iz; 

0 


X 



0 




S 






S 

> 

> 

0 


> 

0 




> 



/-N 

o 

X3 





0 

o 

0 

PI 


O 

Pi 




2 



w 

0 

Pi 





w 

fi 

B 


0 

B 

oi 

0 

1 

1 

B 



0 


d 






0 

0 

p 

0 

0 

U 

0 

1 

1 

0 



l> 

73 







pt^ 

X 



X 

H 

H 

1 

1 

X 



CM 

0 

pH 




















X 


















rH 

o 

1 







X 

X 


o 

Oi 




l> 





< 



s 



r-1 

O 

l> 


X 




CM 

0> 

• 


1 

0 




cS 


<N 

o 

X 

(M 


CM 

lO 


1 

X 

CM 





pH 



U 



o 

O 

o 


O 

o 


1 

o 

CM 

• 



0 

pH 



O 


l> 

9 

9 

« 







* 

jz; 

e 

Oi 

bC 

o 






o 

O 

o 


d 

d 



d 

O 


X 

X 

PI 

iz; 



r> 


CO 

+ 

1 

+ 


+ 

+ 



1 

I 


Q 

rH 

•rH 



















s-/ 

>P 

r\ 



bfi 














1 


d 

0 






o 

X 

(M 


CJ5 

X 



X 

to 



fe 

0 

0 






X 

X 

X 


pH 

X 



a 

X 

e 

/-N 

o 

O 

rH 






m 

to 

tM 


X 

X 


1 

to 

X 


* 

O 


73 


• 

o 


00 

o 

o 

O 


O 

o 


1 

o 

rH 

9 

73 

O 

rH 

-o 


bfl 



(M 

» 

• 



• 

• 


1 

• 

• 

X 

0 

rH 

pH 

d 


Pi 

+j 



o 

o 

o 


o 

o 



o 

o 


% 

CM 

< 

ft 


•H 


Jh 


+ 

+ 

+ 


+ 

+ 



+ 

1 


w 





-P 

bfl 

d 














1 


•P 


OJ 

•rl 

o 













< 


m 

0 

a 

O 


X 



to 

to 


to 

X 



Oi 

pH 


1 

O 

m 

0 

X 

O 




X 

rP 

X 


to 

lO 



to 

CT5 

• 

pH 

lO 

u 






CO 


X 

IP 


X 

CM 


\ 


X 


rH 

o 

d 


o 

0 

0 


H 

o 

o 

o 


o 

o 


\ 

o 

o 


o 

CM 

o 


o 

Pi 

> 


ca 





9 



1 

• 

• 

d 

Jz; 


X 

iH 

|zi 

o 

•H 



o 

o 

o 


o 

d 



o 

o 



SH 


rH 


•pH 

-P 



+ 

+ 

+ 


+ 

+ 



+ 

1 


/-s 

O 


CCJ 

H-> 

B 

o3 














to 



d 

0 


rM 















0 

X 

0 

0 

73 











/-N 





Pi 


•pH 

H 

0 

s 










rH 





d 

73 

> 



s 










w 




+j 

+j 

PI 


O 

cd 

o 



X 

X 






CM 

X 

X 


•H 

d 

d 

0 

4j 

o 

o 



o 

X 

lO 


X 



0) 

X 

X 

9 


U 




0 

< 


CO 

rH 

X 

r— 1 


CM 

1 


X 

X 

X 



0 

\> 


73 

1 




o 

o 

o 


o 

1 



o 

o 

0 

73 

Q* X 


0 

0 



rM 


a 



• 

1 


9 

• 

« 

jz; 

0 

e 

CM 

0 

U 

<3 




o 

o 

o 


o 



O 

o 

o 


O 

0 


X 

U 





+ 

+ 

+ 


+ 



1 

+ 

1 


Oj 

■p 

Pi 

H 

0 

Pi 















pH 

p 

0 


MH 

0 















PU 

0 

0 


0 





X 


X 


to 



X 

CM 

o 


0 

> 


9 

Pi 





rH 

to 

X 


to 



to 

CM 

o 

• 

Pi 

0 

4j 

0 

d 

73 



O 

«— 4 

iH 

rH 


rH 

1 


X 

CM 

rH 




0 

U 

U 

0 



IQ 

o 

o 

o 


O 

1 


o ; 

o 

o 


• »N 

o 

O 

d 


> 




0 




9 

I 


• 

9 

* 

d 

0 

+J 


rH 


O 




o 

o 

o 


O 



o 

O 

o 


5H 


0 

•pH 

0 

B 




+ ; 

+ 

+ 


+ 



+ 

+ 

1 


d 

0 

P» 


Pi 

0 




i 











O 

d 

3 

CH 

0 

P 














X 

73 

0 





0 














X 



PI 


r-4 












X 

73 


0 


o 


o 













0 

O 


X 

•H 


>» 












rH 

d 


0 

Q 

4-> 


O 













pJ 


O 

1 

O 



CSi * 











5H 

•H 


Pi 


0 


bO 



rH 



pH 



73 

1 

1 

0 


pH 

0 

9 

0 



X 

X 

X 


X 

Q 


4-J 


I 

1 

'P 

Pi 

0 

73 

73 



•H 








X 

X 

1 

I 


o 

-P 

•H 

O 

ft 


+-> 












cd 

o 

d 

> 


•H 


Oj 













0 

B 

0 


■P 


O 












T3 

•H 

•H 





O 












• 0 

73 

XI 

pH 

< 

< 














> 


o 

cj 


1 













/-N 

2 

-P 

u 

13 

H 

1 — 1 













X 


0 

cu 

0 

rH 

pH 













w 

0 

0 

PU 

•H 

y 

o 













PJ 

X 

H 

CCJ 

> 


iz; 







/-N 





0 

2 










• 



a 

• 




u 

B 








bD 





73 

T3 




d 

•pH 


/— N 






a 


0 



0 

O 




X 

o 

rH 

CM 




X 


•H 


m 



m 






2 


w 




s-/ 




S-/ 



>«✓ 



CM 


< 

P4 








cd 








1 


M 

X 








o 

< ^ 

< 

< 


< 

< 


P 

< 

> 


• • 







o 

1 

1 

1 


1 

1 


\ 

1 


>1 

0 








rP 

iH 

pH 


pH I 

pH 


o : 

pH 

< 

S 

0 







CQ 

rM 

rH 

pH 


pH 

iH 


o 

pH 

X 

c 








*H 

a 

O 

a 


P 

P 


pH 

P 

< 

5 

O 







CO 

frt 

X 

iz; 

Szi 


Iz; 

X 



5z; 

X 

Q 

iz; 







TO 

m 




















/~N 








/-N 


/-N 









r-i 

w 

X 


! 

to 


X : 

r> 

cc 

o 









W 

_J 

s-/ 

1 



-J 

'w' 


w 

_J 

'w/ 








53 




Table XI, Test No, 3, Coating Refinement Cyclic Dynamic Oxidation, 2000°F (1366°K)/10 Cycles/Hour. 
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Table XII, Processing of NCll-A-Sl and NCll-A-Dl Coatings for 
2000°F(1366^K)/2000-Hour Tests. 


Specimen 

Coating 

Modification 

Run 
I dent . 

Coating Weight Gain 

Cycle 
No. 1 

Cycle 
No. 2 

Total , 
Gram 

Total 

Mg/Cm^ 

G4160E 

SI 

GY 

0.2683 



0.2683 

6.70 

G4105B 

SI 

GY 

0.2737 

— 

0.2737 

6.84 

G4160P 

SI 

GY 

0.2767 

— 

0.2767 

6,93 

G4106M 

SI 

GY 

0,2580 

— 

0.2580 

6.45 

G4106R* 

SI 

GY 

0.2919 

— 

0.2919 

7.29 

G4106Q 

SI 

GY 

0.2737 

— 

0.2737 

6.84 

G4092G 

SI 

GY 

0.2876 

— 

0.2876 

7.18 

G8049Q* 

SI 

GY 

0.3183 

— 

0.3183 

7.97 

G4161V 

SI 

GY 

0.2479 

— 

0.2479 

6.20 

G4095-R* 

D1 

Hy-Jy 

0.1971 

0.0636 

0.2607 

6.53 

G4105-D 

D1 

Hy-Jy 

0. 1775 

0.0883 

0.2658 

6.64 

G4105-Q 

D1 

Hy-Jy 

0.1785 

0.0804 

0.2589 

6.47 

G4106-H 

D1 

Hy-Jy 

0.1751 

0.0784 

0.2535 

6.33 

G4092-R* 

D1 

Hy-Jy 

0.1944 

0.0761 

0.2705 

6.76 

G4161-W 


Hy-Jy 

0.1730 

0.0818 

0.2548 

6.37 

G4092-F 

D1 

Hy-Jy 

0.1740 

0.0745 

0.2485 

6.21 

G4106-J 

D1 

Hy-Jy 

0.1700 

0.0893 

0,2593 

6.48 

G4103-X* 

D1 

Hy-Jy 

0.2221 

0.0564 

0.2785 

6.96 

G4089-C 

SI 

KZ 

0.1810 

— 

0.1810 

4.53 

G4092-E 

SI 

KZ 

0.1781 

— 

0,1781 

4.46 

G4089-D 

SI 

KZ 

0.1877 

— 

0.1877 

4.69 

G4089-E 

D1 

HZ-IZ 

0.1308 

0.0769 

0.2077 

5.18 

G4022-V 

D1 

HZ-IZ 

0.1129 

0.0876 

0.2005 

5.02 

G4089-F 

D1 

HZ-IZ 

0.1135 

0.0820 

0.1955 

4.89 


* Indicates specimens containing drilled holes in 
leading edge. 

(1) Cycle No. 2 pertains only to the dual-coating 
System Dl. 
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Table XIII, Specimen Arrangement in M&PTL Burner Rigs for 
2000®F(1366®K)/2000«Hour Tests, 


Burner 
Rig No. 

Specimen 

Coating 

Modification 

EJM Holes 

Test Period 
(Hours) 

5 

G4160P 

SI 

Yes 

2000 

5 

G4106P 

SI 

No 

500 

5 

G4106R 

SI 

No 

2000 

5 

G4160E 

SI 

Yes 

1500 

5 

G4106M^^^ 

SI 

— 

1500 

5 

G4092E^^^ 

SI 

— 

500 

5 

G4095R 

D1 

Yes 

1000 

5 

G4105D 

D1 

No 

2000 

5 

G4092F 

D1 

No 

2000 

5 

(3) 

G4089C'- 

D1 

Yes 

1000 

5 

G4092C 

Uncoated 

No 

1500 

5 

(4) 

G4103-0^ ^ 

Std 

No 

500 

4 

G4161V 

SI 

Yes 

1000 

4 

G4105B 

SI 

No 

2000 

4 

G4092G 

SI 

No 

2000 

4 

G4189C^ ^ 

SI 

— 

1000 

4 

G4105Q 

D1 

Yes 

2000 

4 

G4161W 

D1 

No 

1500 

4 

(6) 

G4089F'^ ^ 

D1 


500 

4 

G4092R 

D1 

No ^ 

2000 

1 4 

G4106J 

D1 

Yes 

500 


(7) 

G4106H'^ ^ 

D1 

i 

1500 


G4092C 

i 

Uncoated 

No 

2000 


Notes: 


( 1 ) 

( 2 ) 

(3) 

(4) 

( 5 ) 

( 6 ) 
(7) 


Replacement 

Replacement 

Replacement 

Replacement 

Replacement 

Replacement 

Replacement 


for G4106P 
for G41601 
for G4095R 
for G4092C 
for G4161V 
for G4161W 
for G4106J 
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Table XIV. Significant Events During Burner Rig Testing, 
2000® F (1366 °K) /2000-Hour Tests. 


Hours 

Paddle 

Coating 

Observation 




BURNER RIG NO. 5 

307 

G4106Q 

SI 

Pinpoint attack - trailing edge tip ridge 
from casting 

504 

G4105D 

D1 

Pinpoint attack - trailing edge slightly 
below tip: Several paddles show slight 

blue discoloration on upper airfoil 

900 



All coated paddles, except G4106M (500- hr 
replacement) show blue discoloration on 
upper airfoil sections. 

1102 

G4106M 

SI 

Pinpoint attack - trailing edge top 

1200 

G4089E 

D1 

Pinpoint attack - trailing edge tip 

1483 

G4092F 

D1 

Pinpoint attack - trailing edge top, blue 


G4106R 

SI 

discoloration G4106R 

1642 

G4106M 

SI 

Several pinpoint attacks - trailing edge 


G4106R 

SI 

top 


G4092F 

D1 


1804 

G4092E 

SI 

Blue discoloration, upper airfoil section. 
Area of discoloration increasing on other 
paddles. 

2000 

— 

— 

No significant change 




BURNER RIG NO. 4 

102 

— 

— 

Control chart indicated 16 hours operation 
at 1500^F(1088^K). 

401 

G4106J 

D1 

Pinpoint attack - trailing edge tip 

503 

— 

— 

Several paddles show blue discoloration on 
upper airfoil. 

995 

G4105B 

SI 

Three pinpoint attack spots - trailing 
edge tip. All coated paddles show blue 
discoloration to varying degrees on 
upper airfoil sections. 

















Table XV. X-Ray Diffraction Analysis of NCll-A-Sl and NCll-A-Dl Coatings. 


Costing 

(NC11-A-) 

Condition 

Phases Observed 

SI 

As-Coated 

NiAf(S), a AfgOaCS) 

SI 

2000“F (1366“K) /500 
Hours As-Exposed 

Ni3Af(S), a AfgOs, NiAA304(W) 

SI 

2000“F(1366“K)/500 
Hours Scale Removed 

NigAfCS), a Af 203(8) 

SI 

2000“F(1366“K)/1000 
Hours As-Exposed 

(NigAf and Y) (8), a Af 303(8), NiAf204(M) 

SI 

2000“F ( 1366*K) /1483 
Hours As-Exposed 

(NigAf and/or Y) (8), a Af203(8), NiAf204(8) 

SI 

2000“ F ( 1366“ K) /1483 
Hours Scale Removed 

(NX3A-C and/or y) (S)j a AH,20^0I0 

SI 

2000“F (1366“K) /2000 
Hours As-Exposed 

(NigAf and/or Y) (S), a AA20g(8), NiAf204(8) 

SI 

2000“F(1366“K)/2000 
Hours Scale Removed 

(NigAf and/or Y) (8), a Af20g(8) 

D1 

As-Coated 

NiAf(S), a Af20g(8) 

D1 

2000°F(1366''K)/500 
Hours As-Exposed 

Ni3Af (S ) , a Af 2O3 (8 ) , NiAf 2O4 (M) 

D1 

2000®F (1366°K) /lOOO 
Hours As-Exposed 

NigAf(W), Y(8), a Af20g(8), NiAf204(8) 

D1 

2000°F(1366°K)/1000 
Hours Scale Removed 

Ni3Af(W), Y(8), a Af 303(8) 

D1 

2000°F (1366'^K) /1495 
Hours As-Exposed 

(Ni3Af and/or Y) (S), a Aj& 203(8), NiAf204(S) 

D1 

2000°F(1366°K)/2000 
Hours As-Exposed 

(NigAf and/or Y) (W), a , NiAA204(8) 

D1 

2000'*F(1366®K)/2000 
Hours Scale Removed 

(NigAf and/or Y) (8), a Af20g(8) 

Notes: 

(1) (S) strong 

(M) Medium 
(W) Weak 
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Table XVI. Mechanical Test Data Tensile Results, Strain Rate: 0.005 In. /In. /Min 

(0.002 Cm/Cin/Min . ] 
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Table XVII. Stress -Rupture Test Results 


Test Temperature = 1800°F(1255°K) 
Stress = 29,000 PSI (200 X 10® Nt/M^) 


Specimen 

Coating 

Time to 
Failure 
(Hours) 

Percent 

Elongation 

R.A. 

(%) 

G4067-J 

Uncoated 

90.85 

4.5 

6.2 

G4067-N 

Uncoated 

104.62 

4.8 

5.6 

G4068-C 

NCll-A-Dl 

89.40 

4.7 

6.5 

G4067-B 

NCll-A-Dl 

87.49 

5.3 

4.5 

G4067-0 

NCI 1 -A- SI 

94.16 

5.3 

4.2 

G4067-F 

NCll-A-Sl 

123.24 

5.8 

5.8 












TASK I 



Figure 1, Flow Sheet for Task 
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TASK II 



Figure 2. Flow Sheet for Task II. 
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NC2-T 

1.4 Mils (35. 5 MM) 
ThOb S 2 MM - 30 v/o 



Coating System: 

NC13-T 


Coating Thickness; 

1.3 Mils (33.0 MM) 


Particle Embedment; 

ThCfe S 2 m ~ 20 v/o 

Figure 5. 

Coating Structure of Systems NC2-T and NC13-T 































Figure 11. Cumulative Weight Change in 2000°F (1366 ®K) Burner Rig Test No. 









LEGEND 



sSyi ‘aSuBiia OAT:q.Biniano 


Figure 12. Cumulative Weight Change in 2000°F (1366°K) MPTL Burner Rig Test 





















NC4“Cr - Coating 


500X 



500X 

NCll-A - Coating 

Figure 15. Coating Structure of Leading Edge Sections 
Exposed at 2000°F (1366°K) in EPPI Burner 
Rig for 662 Hours. 
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NCll-A-Sl 




Figure 17. Leading Edge Se 
(1366°K)/500 Ho 
(Etched lOOX), 















NCll-A-Sl 




NCll-A-Dl 


Figure 19. Leading Edge Sections of Selected Coatings After 2000°F 
(1366°K)/500 Hours Burner Rig Testing, 10 Cycles/Hour 
(Etched 500X). 







spiliiii* 


NCll-A-Dl 


Trailing Edge Sections of Selected Coatings After 2000°F 
(1366®K)/500 Hours Burner Rig Testing, 10 Cycles/Hour 
(Etched 500X). 
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Oncii-a-si 
0 NCll-A-Sl 
0 NCll-A-Sl 
□ NCll-A-Dl 
NCll-A-Dl 
£2 NCll-A-Dl 
A NCll-A-Dl 


EDM Holes Paddle 
Solid Paddle 
Replacement 1000 Hours 
EDM Holes Paddle 
Solid Paddle 
Repl acement 500 Hours 
Replacement 1500 Hours 


□ -0 


Test Temperature 2000®F (1366 ®K) 
1 Cycle/Hour to 875®F (748®K) 


0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Time, Hours x 10^ 

Figure 22. Cumulative Weight Changes in Burner Rig No, 4, at 2000°F 
(1366‘’K). 
































Figure 27. NCll-A-Sl Coating on Trailing Edge Section - 504 Hours at 2000°F 
(1366°K) - Site of Local Attack Near Tip (Etched 500X) . 
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Figure 29. NCll-A-Dl Coating After 503 Hours at 2000°F (1366°K) - Local 

Coating Attack on Trailing Edge Airfoil Tip Apparent Casting 
Imperfection (Etched lOOX). 
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Leading Edge - 0.4 Inch (1.0 cm) Down from Tip 


Trailing Edge - 0.4 Inch (1,0 cm) Down from T: 


NCll-A-Sl Coating Structure After 995 Hours at 2000°F 
(1366°K) (Etched 500X) , 






l) Down from Tip 


0,4 Inch (1.0 cm) Down from Tip 


NCll-A-Dl Coating Structure After 1013 Hours at 2000°F 
(1366°K) (Etched 500X) . 





Figure 33. NCll-A-Dl Coating on Trailing Edge After 1013 Hours at 2000°F 
(1366°K) Showing Local Oxidation Attack (Etched lOOX). 
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Maximum Depth of Coating Protection - 0.200 Inch (0.51 cm) 


NCll-A-Sl Coating in 0.020-Inch (0.051 cm)-Diameter Hole 
After 995 Hours at 2000°F (1366°K) (Etched lOOX). 























Bottom Section - 1.5 Inches (3.8 cm) Down from Tip 


Figure 39. Uncoated NASA VIA Alloy Paddle After 1483 Hours at 2000°F 
(1366"^K) - Trailing Edge. (Note: Temperature Measured at 
Top of Leading Edge .) (Etched lOOX). 
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Trailing Edge 

NCll-A-Dl Coating After 1495 Hours at 2000°F (1366°K) 
Section Through 0.012~Inch (0=03 cm) -Diameter Hole 
(Etched 500X). 





Figure 42. Trailing Edge of NCll-A-Dl Coated Specimen, 0.4 Inch (1,0 cm) 
Below Tip After 1495 Hours at 2000°F (1366®K) (Etched lOOX) • 






















Trailing Edge 

NC11~A-S1 Coating at 1,0 Inch (2.54 cm) Below Tip After 
2000“F (1366°K) /2000-Hour Burner Rig Test (Etched 500X) 
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Trailing Edge 

Figure 47. NCll-A-Sl Coating at 1.5 Inches (3.8 cm) Below Tip After 
2000°F (1366 °K) /2000-Hour Burner Rig Test (Etched 500X) . 





















0.4 Inch (1.02 cm) Below Tip 



1.0 Inch (2.54 cm) Below Tip 



1.5 Inches (3.8 cm) Below Tip 


Figure 49. 


NCll-A-Dl Coating on Leading Edge Sections After 2000°F 
(1366°K)/2000-Hour Burner Rig Test (Etched lOOX) , 
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NCll-A-Dl Coating at 0.4 Inch (1.02 cm) Below Tip After 
2000°F (1366°K)/2000“Hour Burner Rig Test (Etched 500X) 
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Figure A-1. Simulated Airfoil Test Specimen (NASA Sketch No. 98B-3) . 
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Figure A-4. M&PTL Low-Velocity Burner Rig. 








Figure A-6. Ballistic Impact Test Equipment, 


119 





120 




Figure A-9. Coating Process Setup With Coating Box in Place 








APPENDIX B 


X-RAY DIFFRACTION ANALYSIS 
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Table B-I, X-Ray Diffraction Patterns for Coating System NC4-Cr . 


Ae As Coated 

Observed 

Relative 

Indexed 


Diffraction 

d-Spacings 

Intensities 

Phases 

Remarks 

Parameters 

3.48 

W 

AI 2 O 3 

Coating exhibits 

Radiation Cu Ka 

2.89 

M 

NiAl 

strong Cr inten- 
sity through 

Filter - Ni 

2.08 

w 

vs 

AI 2 O 3 , Ni 3 Al 
NiAl 

particle entrap- 
ment 

Power - 40 KV, 
20 MA 

2^04 

1.60 

w 

AI 2 O 3 



1*44 

M 

NiAl; Cr 



1.18 

S 

NiAl; Cr 



1.02 

W 

NiAl; Cr 



0.91 

M 

Cr; NiAl 



0*832 

W 

Cr 




B. After 

EPPI Testing - 

662 Hours/2000“F(1366"K) 

4.72 

;; 1 

MAI 204 

Cr intensity 

Radiation Cu Ka 

2.90 

W 

NiAl; MAI 2 O 4 

much less than 
above 

Filter - Ni 

2.56 

w 

Ni 3 Al 

MAI 2 O 4 Phase 

Power - 40 KV, 
20 MA 

2.47 

M 

MAI 2 O 4 

coiild be NiAl 204 

2.08 

s 

Ni 3 Al 

or FeAl 204 or 
both in all 


2.04 

w 

NiAl; MAI 2 O 4 

specimens after 


1.79 

M 

Ni 3 Al 

EPPI testing. 
Oxidation of iron 


1 1.44 

W 

NiAl; Cr 
NiAl; Cr 

base nozzle source 
for FeAlgO^ 


j 1.18 




1 0.832 

w 

Cr 





(1) S ® Strong 
M - Medium 
W = Weak 
VS = Very strong 
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Table B-II . X-Ray Diffraction Patterns for Coating System NCll-A 


A« As Coated 

Observed 


Relative 

Indexed 


Diffraction 


d-Spacings 


Intensities 

Phases 

Remarks 

Parameters 


2 *86 


M 

NiAl 

High MAI in- 

Radiation - Cu 

Ka 




NiAl 

tensity. No in- 




2«24 


VW 

dication of em- 

Filter 

- Ni 


2.02 


VS 

NiAl 

bedded AI 2 O 3 

Power - 

40 KV, 


1.66 


w 

NiAl 

(Micro shows 
5 - 10%) 


20 MA 


1*44 


w 

NiAl 





1.29 


VW 

NiAl 





1.18 


s 

NiAl 





1.02 


w 

NiAl 





0.91 


w 

NiAl 





B. After EPPI Testing - 662 Hours/2000°F(1366‘’K) 

2*56 


M 

AI 2 O 3 , Ni^Al 

MAI 2 O 4 phase 

Radiation - Cu 

Ka 

2.045 


s 

MAI 2 O 4 

could be either 

Filter 

- Ni 





NiAl 204 or 


40 KV, 


2e08 


vs 

NigAl, AlgOg 
NiAl, MAI 2 O 4 

FeAl 204 .or both. 

Power - 


20 MA 

2*03 


vs 




1.80 


M 

NigAl 





1.61 


w 

NisAl, AI 2 O 3 





1.56 


w 

MAI 2 O 4 





1*43 


w 

NiAl, MAI 2 O 4 





1*27 


M 

NigAl, MAI 2 O 4 





1.08 


M 






0,823 


w 






(1) S = 

strong 






M = 

Medium 






I W = 

Weak 






¥W « 

Very weak 






vs = 

¥ery strong 
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Table B-III , X-Ray Diffraction Patterns for Coating System NCll-A (Modified) 


A« As Coated 

Observed 

Relative (1) 

Indexed 


Diffraction 

d-Spacings 

Intensities 

Phases 

Remarks 

Parameters 

2,88 

W 

NiAl 

NiAl intensity 
very strong, Em- 

Radiation - Cu Ka 
Filter - Ni 

2.10 

W 

Ni 3 Al 

bedment of Cr 



AI 2 O 3 

particles con- 

Power “ 40 KV, 

2,04 

vs 

NiAl, Ni 2 Al 3 , Cr 

firmed . Presence 

20 MA 



NiAl 

of Ni^Alo probable: 


1.66 

M 

42 w/o probe 


1.44 

W 

VS 

NiAl, Ni 2 Al 3 , Cr 
NiAl, Cr 

analysis suggests 
it may be present 


1,18 

at surface. 


1,02 

M 

NiAl, Cr 



0,96 

VW 

NiAl 



0.91 

W 

NiAl, Cr 



CO 

GO 

0 

o 

M 





B, After 

EPPI Testing - 662 Hours/2000“F(1366‘’K) 


2.56 

W 

Ai^p^, 

MAI 2 O 4 phase 

Radiation - Cu Ka 

2,45 

M 

MA 12 O 4 

could be either 
NiAl 204 or 

Filter - Ni 

2,08 

S 

Ni 3 Al, AI 2 O 3 

FeAl 2 G 4 or both. 

Power - 40 KV, 

2,03 

VS 

NiAl , MAI 2 O 4 


20 

1,80 

M 

Ni 3 Al 



1.61 

W 

Ni^Al, AI 2 O 3 



1,43 

M 

NiAl, MAI 2 O 4 



1 1.27 

W 

NI 3 AI, MAI 2 O 4 



1 1.17 

M 

NiAl, AI 2 O 3 



1 

1 1.01 

W 

NiAl 




^(1) S = Strong 
M = Medium 
W = Weak 
VS = Very strong 
VW = Very weak 
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Table B-IV* X-Ray Diffraction Patterns for Coating System NCll-C • 


A, As Coated 


Observed 

Relative^^^ 

Indexed 


Diffraction 

d-Spacings 

Intensities 

Phases 

Remarks 

Parameters 

2,89 

M 

NiAl 

NiAl intensity 

Radiaticxi - Cu Ka 

2,56 

W 

AI 2 O 3 , NigAl 

much weaker than 
in coatings with 

Filter - Ni 

2,04 

VS 

NiAl 

CODBP B - NiAl 

Power - 40 KV, 

1.66 

W 

NiAl 

intensity weaker 
than in NCll-A, 

20 MA 

1.60 

VW 


lower D/F No. 


1.44 

W 

NiAl 

powder used 


1.18 

M 

NiAl 



1.02 

W 

NiAl 



0.91 

VW 

NiAl 




B. After EPPI Testing - 175,75 

Hour s/2000°F ( 1366°K) 


' 2.88 

W 

NiAl 

^ 

Moderate MAI 2 O 4 

Radiation - Cu Ktx 

2.56 

W 

NigAl, AlgOg 

intensity - NiAl 
intensity still 

Filter - Ni 

2.45 

M 

MAI2O4 

strong - coating 

Power - 40 KV, 

2.08 

VS 

Ni3Al, AI2O3 

had not failed 
under test time 

20 MA 

2.04 

VS 

NiAl 

of 175.75 hours 


00 

o 

M 

Ni 3 Al 



1.60 

M 

AI2O3 



1 1.43 

W 

NiAl , MAI 2 O 4 



1.28 

W 

AI2O3 



1.17 

M 

NiAl, AI 2 O 3 




( 1 ) 


S = Strong 
M = Medium 
W = Weak 

VS = Very strong 
VW = Very weak 


127 











Table B~V* X-Ray Diffraction Patterns for Coating System NASA VIA/C-2. 


A« As Coated 

Observed 

Relative(l) 

Indexed 


Diffraction 

d-Spacings 

Intensities 

Phases 

Remarks 

Parameters 

3,48 

W 

AlgOs 

NiAl intensities 

Radiation - Cu Ka 

2.90 

M 

NiAl 

weaker th^n in 
A1 enrichment 

Filter - Ni 

2«55 

W 

AI 2 O 3 

coatings, Al 20 g 

Power - 40 KV, 

2.08 

W 

NigAl, AlgOg 

intensity low. 
No Ti 02 indica- 

20 MA 

2.04 

vs 

NiAl 

tion, due to con- 


1.67 

VW 

NiAl 

centration at 
interface. 


1.60 

VW 

AI 2 O 3 



1*45 

w 

NiAl 



1*18 

M 

NiAl, AI 2 O 3 



1.02 

VW 

NiAl 



i 

B. After EPPI Testing - 250 Hours/2000°F(1366°K) 

3.49 

w 

AI 2 O 3 

NiAl intensities 

Radiation - Cu KCX 

2*56 

w 

AI 2 O 3 , NigAl 

much weaker than 
above - MAI 2 O 4 

Filter - Ni 

j 2*44 

M 

MA 1204 

intensity 

Power - 40 KV, 

2*08 

vs 

NxgAl 1 ^^ 2^3 

relatively weak 
due to shorter 

20 MA 

2*04 

vs 

NiAl 

exposure . 


1*80 

M 

NigAl 



1 1*60 

w 

AlgOg 



1 

w 

NiAl, MAI 2 O 4 



j 1.27 

M 

NigAl, ^^ 2^3 



\ 1.18 

1 

M 

NiAl 



j 1.09 

M 

AlgOg, NigAl 




( 1 ) S * Strong 
M - Medium 
W == Weak 
VS « Very strong 
VW = Very weak 
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Table B-VI . X-Ray Diffraction Patterns for Coating System R'lOO/C-2- 


A. As Coated 

Observed 

Relative (1) 

Indexed 


Diffraction 


d-Spacings 

Intensities 

Phases 

Remarks 

Parameters 


3.49 



M 

A1„0„ 

Insoluble phases 

Radiation Cu 

Ka 

2.88 



VS 

NiAl 

extracted through 
dissolving of coat- 

Filter - Ni 


2,56 



M 

Al 203 ,Ni 3 Al 

ing included - 

Power “ 40 KV^ 


2.03 



VS 

NiAl 

TiOg, TiC, 

M23C0 and AI 2 O 3 

20 MA 


1.66 



w 

NiAl 

as insoluble 



1.60 



w 

AI 2 O 3 

residue measured 
by a separate 



1.44 



s 

NiAl 

diffraction 



1.18 



vs 

NiAl 

measurement. 



1.09 



w 

AI 2 O 3 , Ni 3 Al 




0.91 



w 

NiAl 





B. 

After EPPI Testing - 321. 

25 Hours/2000®F(1366' 

’K) 


2.56 



w 

AI2O3 

Insoluble phases 

Radiation - Cu 

Ka 

2.44 



M 

MAI2O4 

extracted through 
dissolving of 

Filter - Ni 


2,08 



VS 

Ni 3 Al,Al 203 

coating included 

Power - 40 KV^ 


2.04 



M 

NiAl 

Ti 02 and AI 2 O 3 . 
Lower NiAl after 

20 MA 


1.80 



M 

NigAl 

exposure 



1.60 



W 

AI 2 O 3 

characteristics 
of CODEP C. 



1,27 



M 

Ni 3 Al,Al 203 




1,08 



M 

Ni3Al,Al203 




0,82 



— 

Ni 3 Al, MAI 2 O 4 




( 1 ) s = 

Strong 






M = 

Medium 






W = 

Weak 






VS = 

Very Strong 
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Table B-VII. X-Ray Diffraction Patterns for Coating System NC6-T . 


A. As Coated 


Observed 

Relative (1) 

Indexed 


Diffraction 

d-Spacings 

Intensities 

Phases 

Remarks 

Parameters 

3,25 

VS 

Th02 

Th02 intensity 

Radiation - Cu Ka 

2,81 

S 

ThO^ 

very strong - 40% 

Filter - Ni 



2 

particle entrap- 

2.08 

2.05 

M 

Ni3Al 

ment 

Power - 40 KV, 
20 MA 

VS 

NiAl 


1.98 

VS 

ThOg 


NOTE: Insoluble 

1.69 

VS 

NiAl, Th02 

j 

phases extracted 
were: Th02 (FCC) 

1.29 

M 

NiAl, Th02 


and Laves phase 

1.18 

W 

NiAl 


A2B (Hexagonal) 

1.14 

W 

Th02 



0.94 

W 

Th02 






B. After EF 

PI Testing - 15 

8 Hrs at 2000°F(1366 

°K) 

3.45 

w 

AI2O3 

MAI2O4 apparently 

Radiation - Cu Ka 

3.21 

VS 

Th02 

NiAl204 

Filter - Ni 

2.54 

M 

AI2O3 


Power - 40 KV, 





20 MA 

2.43 

M 

MAI2O4 



2,06 

VS 

NiAl 



2.02 

M 

MAI2O4 


NOTE: Insoluble 

1.79 

S 

Ni.jAl 


phases extracted 





were; AI2O3 and 

1.68 

M 

Th02 


Th02 (FCC) 

1.60 

M 

AI2O3 



1.08 

M 

Th02, AI2O3 




(1) S = Strong 
M = Medium 
W = Weak 
VS = Very Strong 
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Table B-VJII « X-Ray Diffraction Patterns for Coating System NC3-L 


A. As Coated 

Observed 

Relative(l) 

Indexed 


Diffraction 

d-Spacings 

Intensities 

Phases 

Rema rks 

Parameters 

3.68 

W 

LaFs 

^^ 2^3 addition 

Radiation - Cu KQ, 

3.23 

M 

LaFs 

to the coating 
has been reduced 

Filter - Ni 

2.89 

VS 

NiAl 

by NH 4 F activator 

Power - 40 KV, 

2.04 

VS 

NiAl 


20 MA 

1.67 

w 

NiAl 



1.45 

vs 

NiAl 



1.18 

vs 

NiAl 



1.02 

M 

NiAl 



0.91 

M 

NiAl 



B. After EPPI 

Testing - 231. £ 

Hrs. at 2000“F(1366‘’K) | 

3.58 


NigAl 

La indications 

Radiation - Cu Ka 

2.60 

M 

NigAl 

not apparent , 
may be influencing 

Filter - Ni 

2.49 

M 

MAI2O4 

MAI. 2 O 4 spacings. 

Power - 40 KV, 

2.10 

VS 

NisAl , MAI2O4 


20 MA 

2.06 

w 

NiAl 



1.82 

M 

NisAl 



1.62 

W 

NigAl 



1.56 

W 

MAI 2 O 4 



1,44 

W 

NiAl 



1.09 

M 

NigAl 



(1) 





M = Medivon 
W = Weak 




VS = Very Strong 





131 









Table B-IX 


X-Ray Diffraction Patterns for Coating System NC7-L 


A. As Coated 


Observed 

d-Spacings 


Relative(l) 

Intensities 



Indexed 

Phases 


LaFs 

LaF3 

LaFs 


LaFs 


LaFs 

KiAl 


Remarks 


LasOs addition 
in the coating 
has been reduced 
to LaFs 

activator; NiAl 
intensity weaker 
than in other 
coatings 


Diffraction 

Parameters 


Radiation - CuKC 
Filter - Ni 


Power 
20 MA 


40 KV, 


After EPPI Testing - 73*75 Hours at 2000®F(1366®K) 



(1) S = Strong 
M = Medium 
W = Weak 


NisAl ; LaFs 
NisAl* LaFs 
NiAl 

NisAl ^ LaFs 

AI2O3 

NisAl 


LaFg occurring 
above is being 
oxidized - NiAl 
intensity weak. 
Considerable 
Ni^Al formation. 



Radiation - CuKOL 

Filter - Ni 

Power - 40 KV, 

20 MA 















APPENDIX C 


BALLISITIC IMPACT PHOTOGRAPHS 


133 




Impact Area 



Tension Side of Impact 

Figure C-1, Coating Systems NC4*»Cr “• Room Temperature Ballis-- 
tic Impact with 1„96 Ft /Lbs Energy (15X). 
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Tension Side of Impact 

Figure C-2. Coating System NC4-Cr - 1800°F (1229°K) Ballis- 
tic Impact with 3.06 Ft /Lbs Energy (15X). 
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Tension Side of Impact 


Figure C“3. Coating System NC11-*A -- Room Temperature Ballis™- 
tic Impact with 1,96 Ft /Lbs Energy (15X), 
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Tension Side of Impact 

Figure C-4. Coating System NCll-A - 1800°F (1229°K) Ballis- 
tic Impact with 3.06 Ft /Lbs Energy (15X). 
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lnipact::/ftr©a 



Tension Side of iBipact 


Figure C-5. Coating System NCll-A (Mod.) - Room Temperature 
Ballistic Impact with 1.96 Ft /Lbs Energy (15X). 



Impact Area 



Figure C-6. Coating System NCll-A (Mod.) - ISOO^F (1229°K) 
Ballistic Impact with 3.06 Ft/Lbs Energy (15X)« 
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TiettSiortt Side of Impact 


Figure C-7. Coating System NC3-L - 1800®F (1229“K) Ballis 
tic Impact with 3.06 Ft /Lbs Energy (15X). 









Impact Area 



Tension Side of Impact 


Figure C-8. Coating System NASA VIA/C-2 Room Temperature 
Ballistic Impact with 1„96 Ft/Lbs Energy (15X). 
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Impact Area 



Tension Side of Impact 

Figure C-9. Coating System MSA VIA/C-2 - ISOO^F (1229°K) 

Ballistic Impact with 1,96 Ft/Lbs Energy (15X) . 


142 



APPENDIX D 


ELECTRON MICROPROBE ANALYSIS 



A1 


W 


Figure D-1. Electron Microprobe Scan of NCll-A-Sl-Coated NASA VIA Alloy 
for Distribution of Principal Elements in Coating and Matrix 
(EBS ~ Electron Back-Scatter Image) (360X) * 
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Figure D-2, Electron Microprobe Scan of NCll-A-Dl-Coated NASA VIA Alloy for 
Distribution of Principal Elements in Coating and Matrix (360X) 
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Figure D-3, Electron Microprobe Scan of NCll-A-Sl -Coated NASA VIA Alloy for 
Distribution of Principal Elements in Coating and Matrix After 
504 Hours at 2000°F (1366°K) (360X) . 










Figure D-4. Electron Microprobe Scan of NCll"A-Dl“Coated NASA VIA Alloy for 
Distribution of Principal Elements in Coating and Matrix After 
503 Hours at 2000°F (ISeS^K) (360X). 
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Figure D-5. Electron Microprobe Scan of NCI 1 -A -SI -Coated NASA VIA Alloy for 
Distribution of Principal Elements in Coating and Matrix After 
995 Hours at 2000“F <1366“K> (360X). 
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Al W 

Figure D-6, Electron Microprobe Scan of NCll-A-Sl- Coated NASA VIA Alloy for 


Distribution of Principal Elements in Coating and Matrix After 
1013 Hours at 2000^F (1366°K) (360X) . 
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Top Con ve x , L « E « 


Top Convex, Center 
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Figure D-10, Electron Microprobe Scans of NCll-A-Dl Coating After 2000 Hours at 2000®F 
(1366°K) for ki. and Cr (360X) , 












Percent Cr Percent A1 



10 


0 L-_J 

Mils = 0 

M»m = 0 2 


Distance from Surface 
Chromium Trace 



M.m = 0 25 51 76 102 


Distance from Surface 


Distance from Surface 


Chromium Trace 



M»m = 0 25 51 76 102 

Distance from Surface 


Figure D-14. Aluminum and Chromium Traces of NCll-A-Dl, As Coated, Through 
Sections, (1) Ai^Cb Particle Concentration and (2) No AigCb 
Particles. 




503 Hours Thru Particles 1013 Hours Dark Phase 1495 Hours Top Section 2000 Hours Top Section 



Figure D-15. Effect of 2000°F (1366°K) Burner Rig Testing on Aluminum Concentration 
in NCll-A-Dl Coating and Matrix. 



503 Hours Thru Particles 1013 Hours Dark Phase 1495 Hours Top Section j2000 Hours Top Section 



Figure D-16. Effect of 2000°F (1366“K) Burner Rig Testing on (Chromium Concentration 
in NCll-A-Dl Coating and Matrix. 






